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Abstract 
 
It has been well documented that polymer composite or hybrid materials often 
display superior properties than the individual components, finding diverse 
applications in advanced technologies including biomedical devices and controlled 
drug delivery systems to materials chemistry. In recent years, research efforts to 
prepare polymer hybrid materials have focussed on the application of 
controlled/“living” radical polymerisation techniques to covalently link synthetic 
polymers to various substrates via a strong covalent bond using either a grafting-to 
or grafting-from approach. The current strategies employed to prepare polymer 
hybrid materials suffer significant drawbacks that prevent widespread commercial 
use including the formation of heterogeneous products resulting from often 
laborious chemical modifications and limited molecular weight due to unavoidable 
bimolecular termination, thereby delaying the development and implementation of 
more advanced materials to fulfil the demands of modern technology. In this thesis, 
we report the preparation of novel polymeric hybrid materials based on cellulose, a 
naturally occurring polymer via physical blending to form supramolecular 
conjugates which we call cellulose–polymer hybrid materials. We demonstrate 
through the incorporation of a variety of synthetic polymers and block copolymers 
prepared via reversible addition–fragmentation chain transfer (RAFT) 
polymerisation that it is possible to incorporate functional polymers with cellulose 
using cooperative hydrogen bonding rather than the covalent methods traditionally 
used. We also show that polymers such as polystyrene that are typically 
incompatible with natural polymers can be incorporated successfully by the 
addition of another block bearing polar moieties. We expect the simplicity of this 
approach combined with the versatility of modern polymerisation techniques will 
prove a more cost-effective approach to prepare biopolymer-based materials with 
tuneable properties and improved functionality, making industrial production more 
viable. We also report the preparation of inorganic-organic hybrid materials using a 
silica nanoparticle template bearing a bromo ester initiating group for the 
preparation of core–shell materials with precisely tuneable properties using 
Abstract 
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surface-initiated single-electron transfer living radical polymerisation (SET-LRP). The 
precise control over core–shell structures is generally hindered by the polymer 
length that can be synthesised by controlled methods such as atom transfer living 
radical polymerisation. Detailed studies using a variety of monomers including 
methyl acrylate and tert-butyl acrylate are presented to demonstrate the versatility 
and limitations of SET-LRP to produce ultrahigh molecular weight polymer grafts 
from a spherical substrate. We show that SET-LRP is an effective technique to 
prepare well-defined core–shell materials with tuneable properties. The process we 
propose is based on the use of copper wire, which offers polymers with lower 
concentrations of copper contaminants and is easily removed and recycled, with 
fast polymerisation kinetics and low reaction temperatures, making it the process of 
choice for both academia and industry. 
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 Preamble 1.1
Polymeric materials have always been pivotal to man’s way of life in one form or 
another. From early times, natural polymers were exploited for clothing, shelter, 
tools, even decorations and toys.1-2 With progress in the field of polymer chemistry 
and the evolving needs of society for improved materials, natural materials have 
been steadily replaced by synthetic polymers since they became commercially 
available, owing to the discovery of free radical polymerisation in the early 20th 
century.1  
Polymeric hybrid materials have long been prepared to modify the 
properties and performance of a whole host of materials from biopolymers such as 
cellulose to inorganic materials like silica.1 Hybrid materials occupy a unique 
position in the development of new materials with properties not accessible by any 
other known single material. The extent to which material properties can be altered 
by the modification of chemical functions, structure and blending allows the design 
of novel polymer hybrid materials to fulfil new and highly specific roles. 
As scientists, we are forever challenged to create new and improved 
materials for advanced technologies. In order to accomplish such demands we 
require synthetic tools that facilitate the precise design of materials with a 
predefined set of properties to meet the requirements of a specific application.  
One such tool that has greatly expanded and revolutionised the frontier 
between polymer chemistry and materials science is the development of controlled 
radical polymerisation techniques over the past 20 years.3-8 Since its conception, 
controlled/“living” radical polymerisation processes have resulted in the 
preparation of a plethora of well-defined functional polymers with complex 
architectures that were previously inaccessible via conventional living ionic 
polymerisation. Since then, the incorporation of polymer coatings to confer 
interesting properties to a variety of materials in a controlled and facile way has 
seen an explosion in research efforts towards the preparation of advanced 
materials.6,8-10 As such, controlled/“living” radical polymerisation techniques have 
arisen as highly versatile and ubiquitous tools for material design, an exceptional 
step forward.      
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While the presence of chain breaking events including radical coupling and 
transfer reactions resulting in the formation of dead chains is inevitable in radical 
processes, controlled/“living” radical polymerisation techniques readily afford well-
defined polymers and copolymers with precise control over chain length and chain 
end functionality by exploiting a reversible deactivation strategy by reversible 
capping or degenerative transfer to extend the effective lifetime of a radical 
species, combined with fast initiation.4 This allows the preparation of a number of 
complex architectures that were not readily accessible previously under relatively 
mild conditions. And with the development of controlled radical processes such as 
atom transfer living radical polymerisation, nitroxide mediated polymerisation and 
reversible addition fragmentation chain transfer polymerisation, virtually all vinyl 
monomers that are amenable to radical processes can be polymerised and 
copolymerised. Combining synthetic versatility and simplicity, controlled/“living” 
radical polymerisation encompass a powerful set of tools for the design and 
synthesis of new polymeric materials and hybrids with novel properties.  
When advances in polymer synthesis, post-modification strategies and vast 
array of materials of various shape, size and morphology are combined, the scope 
of potential applications is virtually limitless. The opportunity to exploit the wealth 
of combinations will heed new discoveries for advanced technologies. 
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 Overview of Dissertation  1.2
The principal motivation surrounding this set of work is the potential to prepare 
well-defined materials with improved and tuneable properties by the addition of a 
polymer coating. Two approaches for the preparation of polymer coatings will be 
explored in this thesis. Chapter 2 describes the modification of cellulose by a 
grafting-to approach, using well-defined polymers prepared using reversible 
addition–fragmentation chain transfer polymerisation. Here, polymers bearing 
“sticky” functional groups are mixed with cellulose to prepare supramolecular 
cellulose–polymer hybrid materials and the material properties investigated. The 
preparation of core–shell inorganic-organic materials using a grafting-from 
approach will be explored in Chapter 3 using surface-initiated single-electron 
transfer living radical polymerisation. To conclude, Chapter 4 will summarise the 
major findings of this dissertation and extensively explore the future perspectives 
based on these outcomes. 
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Preparation of Cellulose-Based Hybrid 
Materials with Synthetic Polymers Prepared 
via Reversible Addition–Fragmentation 
Chain Transfer Polymerisation
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 Introduction 2.1
Cellulose, a linear condensation polymer consisting of repeating D-
anhydroglucopyranose units (AGUs) joined together by -1,4-glycosidic bonds 
(Figure 2.1),1 is the leading raw material currently being investigated to prepare 
new sustainable materials. Cellulose possesses a number of promising properties 
including mechanical robustness, hydrophilicity, biocompatibility, biodegradability, 
high strength and sorption capacity, as well as good thermal stability.2-5 Cellulose is 
also a highly attractive material from a sustainability standpoint, being the most 
abundant biopolymer and raw material produced in the biosphere.1 Cellulose is the 
major structural component in plant cell walls, making up 33 % of plant matter 
(namely wood, as well as other plants including hemp, flax, jute, ramie and cotton). 
It is also synthesised by certain bacteria (Acetobacter xylinum) and by marine 
animals (Microcosmus fulcatus).6 Yet native cellulose has remained a relatively 
untapped resource, with only 2 % recovered for industrial use each year from the 
5 × 1011 metric tonnes generated by nature.7 This apparent discontinuity between 
the availability and application of cellulose can be attributed to the significant 
drawbacks associated with cellulose when compared to synthetic polymeric 
materials. Cellulose suffers from poor solubility in common organic solvents, poor 
crease resistance and dimensional stability, high hydrophilicity (detrimental in 
composite materials), lack of thermoplasticity and antibacterial properties.8 
 
Figure 2.1 The molecular structure of cellulose, shown as the repeating dimer, cellobiose, made 
up of D-anhydroglucopyranose units linked together by -1,4-glycosidic bonds.1 
 
Cellulose and other polysaccharides have been physically and chemically 
modified since the early 1800s to improve their properties and widen the scope of 
their use.1,9 By exploiting the reactive hydroxyl moieties along the cellulose 
backbone, a vast number of ester and ether derivatives have been prepared. Some 
2.1  Introduction 
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examples that have found widespread application include methyl cellulose, 
carboxymethyl cellulose, cellulose acetate, cellulose nitrate and cellulose acetate 
propionate. The improved properties of these derivatives in comparison to cellulose 
saw their application as thermoplastics, optical films, foodstuffs, textiles, building 
materials, cosmetics, pharmaceuticals and as stabilisers.1 Despite the improved 
functionality of these cellulose derivatives compared to native cellulose, these 
materials were quickly succeeded by synthetic polymers when material processing 
and manufacturing procedures became more cost-effective with advancements in 
polymer chemistry.10  
As social awareness of the environment continues to improve and our 
fossil fuel reserves diminish, we are seeing a shift back to biopolymer-based 
materials to replace those based on petrochemicals. As such, over the past several 
decades, renewed efforts to alter the properties of biopolymers, particularly 
cellulose, for the preparation of functional materials from renewable resources by 
physical and chemical means has been undertaken.1,11 The extensive research into 
the modification of cellulose is highlighted by the number of review articles and 
books published.12 Among these methods, hybrid materials prepared with synthetic 
polymers have proven to confer a much broader range of properties to the cellulose 
backbone with a very diverse range of applications. Cellulose–synthetic polymer 
hybrid materials have found applications in composites as both the matrix13-14 and 
filler,3-4,15-23 sponges, hydrogels,24-26 aerogels,27-29 ion exchangers,30 complexing 
agents or adsorption materials,31-32 membranes,1,20,33-37 hydrophobic surfaces,32 
dressing shells for encapsulated drugs,38 sutures, etc. 
The most effective method to improve the functionality of cellulose is to 
anchor or graft synthetic polymers directly onto the cellulose backbone covalently 
via the reactive hydroxyl moieties. This confers new physical and chemical 
properties to the cellulose backbone, while maintaining the desirable properties 
that are inherent to cellulose, such as biodegradability.11 The most common 
approach exploited to anchor synthetic polymers from cellulose is grafting-from. 
This approach relies on the growth of polymer chains from initiating sites along the 
cellulose backbone, and as such a higher grafting density can be achieved.11,37  
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With the development of living radical polymerisation (LRP) techniques 
over the past 20 years,39-40 a variety of well-defined cellulose graft copolymers, with 
tailored properties have since been synthesised by atom transfer radical 
polymerisation (ATRP),41-43 and reversible addition–fragmentation chain transfer 
(RAFT) polymerisation.11,41-42,44-49 More recently, ARGET ATRP was used to graft PS, 
PMMA and PGMA from cellulose filter paper, mediated using much lower copper 
catalyst concentrations than conventional ATRP.50 The authors showed that ARGET 
ATRP could be applied effectively to mediate the controlled polymerisation of 
several monomers by changing the reducing agent and temperature. With the 
advent of LRP techniques, the properties of cellulose hybrid materials can now be 
easily tailored for specific applications simply by choosing an appropriate monomer 
or monomers, changing the chain length of the grafted polymer or graft density, as 
well as the architecture. Such graft copolymers have been used in antibacterial 
surfaces,51 thermoresponsive smart materials,43,52-53 membrane materials,43,54 
controlled drug delivery vehicles,55 ion-exchange materials,45 sorption agents for 
the removal of heavy metals,30 and reinforcing agents in composite materials.56 The 
effectiveness and versatility of conjugating synthetic polymers to cellulose has been 
extensively explored as evidenced by the vast amount of literature published 
exploiting LRP techniques and ROP. For a more comprehensive overview of the 
chemical modification of cellulose with synthetic polymers, the reader can refer to 
recent reviews by Semsarilar et al.,57 Tizzotti et al.37 and Wojnarovits et al.58 
While grafting synthetic polymers to cellulose has allowed well-defined 
materials with altered chemical and physical properties to be prepared, chemical 
modification often proves to be very time consuming, consisting of multiple steps, 
and the materials are often difficult to characterise.11 This is a consequence of the 
poor solubility of cellulose in common solvents. As such, chemical modifications are 
often performed under heterogeneous conditions, or soluble cellulose derivatives 
used in place of native cellulose.53,59 An alternative approach is to physically blend 
cellulose with synthetic polymers. Cellulose is widely used in polymer blends and 
composites as both matrix and filler materials,53 reducing the use of petroleum-
based polymers. To combine the desirable properties of cellulose with those of 
various synthetic polymers, blending is a more straightforward and cost-effective 
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route than traditional chemical methodologies. Cellulosic-based polymer blends are 
a very promising class of materials. From a sustainability standpoint, cellulose-based 
composites reduce our reliance on petroleum-based materials, and find applications 
in a diverse range of fields as support materials,60-61 optical pH sensors,62-63 sensors 
and actuators64-65 and in pH responsive drug delivery systems,66 just to name a few. 
 
Figure 2.2 Hierarchical structure of cellulose showing extensive intra- and intermolecular 
hydrogen bonding. 
 
Since 1995, cellulose has been extensively explored as a filler material in 
nanocomposites in the form of cellulose nanowhiskers (CNWs).6 Due to the 
equatorial positions of the hydroxyl groups, cellulose chains form an extensive 
hydrogen bonded network as shown in Figure 2.2. This hierarchical structure is the 
origin of the poor solubility of cellulose in common organic solvents. The cellulose 
chains aggregate into repeated crystalline structures (nanowhiskers) separated by 
amorphous regions which combine to form microfibrils in the plant cell wall. These 
microfibrils also aggregate to form much larger macroscopic fibres.67 Through acid 
hydrolysis,68 the hierarchical structure of cellulose can be broken down to yield 
crystalline rods called nanowhiskers. These crystallites are characterised by high 
stiffness and aspect ratio,67 high mechanical strength and elastic modulus,2,67 
making cellulose an ideal reinforcement material in polymer blends for stress 
transfer.67 In this form, the specific modulus (modulus/density) of cellulose exceeds 
common engineering materials including aluminium, steel, glass and concrete.69  
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A highly innovative class of mechanically adaptive nanocomposites were 
described by Weder and coworkers70 in 2008 using CNWs. These responsive “smart” 
materials were inspired by sea creatures, commonly known as sea cucumbers, 
which have the ability to alter the stiffness of their dermis. This responsive 
behaviour was achieved by exploiting the strong supramolecular interactions that 
exist between the cellulose nanowhiskers, which can be turned off by the addition 
of a competitive hydrogen bond donor resulting in a significant reduction in 
material stiffness.71-72  
The performance of blend and composite materials is highly dependent on 
the interactions between the components.59 Homogeneous or continuous blends of 
polymers are quite rare due to the positive Gibb’s free energy of mixing, and as a 
result polymer components tend to self-associate rather than blending.73 Very little 
work has been published-to-date on blending native cellulose with synthetic 
polymers. The blend and composite materials described above have employed 
various methods to compatibilise the blend components. Small molecules are often 
introduced to reduce the interfacial energy between the cellulose and synthetic 
polymer. Introduction of complementary or “sticky” functional groups by chemical 
modification of the matrix and/or filler components is also commonly performed to 
improve the compatibility of the blend components, including the covalent 
attachment of a synthetic polymer onto the cellulose backbone through the 
reactive hydroxyl moieties.74 For a more detailed summary of cellulose-based 
blends, the reader is referred to recent reviews.4,12,20,53,67,75-78  
One method to enhance the miscibility between components is to 
introduce supramolecular interactions such as hydrogen bonding, exploiting the 
abundant hydroxyl functions along the cellulose chains. The use of hydrogen 
bonding to modify polysaccharides has been previously demonstrated in the 
preparation of a novel class of materials called thermoplastic starch (TPS). Starch 
granules are blended with various polyol-type plasticisers such as glycerol, glycol, 
and sugars, as well as amides that are capable of forming hydrogen bonds.79-90 The 
small molecules disrupt the strong inter- and intramolecular hydrogen bonds of 
starch to produce a continuous phase. The use of polymers to produce TPS has also 
been investigated.91-94 
2.1  Introduction 
12 
 
While the introduction of small molecules can effectively alter the 
properties of a material, the successful introduction of a polymer allows a higher 
degree of functionality to be incorporated into the cellulose backbone. Indeed, the 
introduction of small molecules into starch was shown to be a very straightforward 
and effective method to alter its physical properties. However, it is much more 
difficult to blend two polymers together. In order to produce a compatible blend, 
the synthetic polymer must possess functional groups that are capable of 
interacting with the cellulose backbone. Synthetic polymers capable of forming 
extensive hydrogen bonds include polyamides, polyesters and many vinyl 
polymers.59 However, there are few examples of their application in the preparation 
of cellulose blends without further modification. Masson et al.59 did extensive work 
on native cellulose blends with synthetic polymers. They demonstrated that 
cellulose–polyamide blends are heterogeneous two-phase systems. Whereas, 
blends with poly(4-vinylpyridine) are homogenous systems.95 This group also 
showed that poly(vinyl alcohol) (PVA) forms a homogeneous system up to a 
maximum loading of 60 % PVA.96 Nishioka et al.97 reported the preparation of 
cellulose–PS blends. Improved miscibility was achieved by grafting PS chains from 
the cellulose backbone. While this proved to be a successful approach to prepare 
miscible blends between hydrophobic and hydrophilic components, this approach 
required multiple steps, including modification of the cellulose hydroxyl groups, 
subsequent polymerisation, recovery of the PS-grafted cellulose, and finally 
blending the cellulose-g-PS with PS. Adsorption of polyelectrolytes and surfactants 
has also been widely explored to modify the surface of cellulose.35 Zhou et al.98 
modified cellulose whiskers by the adsorption of a xyloglucan oligosaccharide 
triblock copolymer to introduce polystyrene onto the cellulose backbone. Zhao et 
al.99 grafted -cyclodextrins covalently to the cellulose substrate, and used host-
guest encapsulation to bind poly(ε-caprolactone) capped with adamantane groups 
to the cellulose substrate. Filpponen et al.100 reported a sequential and modular 
surface modification of several cellulose substrates where carboxymethyl cellulose 
modified with either an azide or alkyne functional group was physically adsorbed 
onto the surface followed by a subsequent click with a molecule bearing 
complementary functional groups. The authors demonstrated the versatility of this 
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approach to modify the surface of cellulose by protein decoration, fluorescent 
labelling and PEGylation. Fujita et al.101 introduced glucose units into poly(methyl 
methacrylate) (PMMA) to improve the compatibility of PMMA with cellulose. The 
authors prepared a copolymer of MMA and m-TMI, a monomer bearing an 
isocyanates functionality, which was then subsequently clicked to a glucose unit 
before being blended with cellulose. While each of these approaches to prepare 
cellulose–polymer hybrid materials through supramolecular interactions is highly 
innovative, they are synthetically complicated, and do not offer any advantages 
over conventional chemical modifications, generally requiring the modification of 
the cellulose backbone or the preparation of complex synthetic polymers. 
In this chapter, the use of supramolecular chemistry as a potential route to 
prepare functional cellulose–polymer hybrid materials will be explored as an 
alternative to traditional covalent methodologies. As demonstrated from previous 
efforts, this is by no means a trivial task. However, we seek to make progress in this 
area by combining the synthetic versatility of RAFT to prepare a series of polymers 
bearing “sticky” functionalities to interact with the cellulose backbone. This process 
will prove to be not only more time efficient, but can be extended easily with little 
to no adjustments to other polysaccharides such as chitin.73  
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 Experimental 2.2
2.2.1 Materials 
All materials were purchased from Sigma-Aldrich and used as received unless 
otherwise stated. Microcrystalline cellulose (MCC, 20 μm diameter) was used for 
experiments involving dissolved or swollen cellulose. Lithium chloride (LiCl, 99 %) 
was dried at 40 oC and stored under reduced pressure until required. Styrene (S, 
 99 %) was passed over a column of activated basic alumina to remove the 
inhibitor prior to use. 2-Hydroxyethyl acrylate (HEA, Alfa Aesar, 96 %) was purified 
according to standard procedures.102-103 Briefly, HEA (96 %, 200 mL) was dissolved in 
water (25 % v/v). The mixture was then extracted with hexane (10 × 20 mL) to 
remove the diacrylate impurities. The aqueous phase was then salted with NaCl 
(40 g) before extraction with diethyl ether (4 × 20 mL) to remove acrylic acid. The 
ether phase was then collected and hydroquinone (0.05 % w/v) added to prevent 
polymerisation before being dried over anhydrous magnesium sulphate. After 
filtering the ether phase, the purified HEA was collected by removing the diethyl 
ether under reduced pressure at 35 °C. The monomer was then distilled under 
reduced pressure at 80 °C and stored in a refrigerator prior to use. Immediately 
prior to use, 2-(dimethylamino)ethyl acrylate (DMAEA, 98 %) and tert-butyl acrylate 
(tBA, Fluka,  98 %) were passed over a column of MEHQ inhibitor removal packing 
to remove methylethyl hydroquinone. N-isopropylacrylamide (NIPAAm, 97 %) was 
purified by recrystallisation from hexane, dried in a vacuum oven, and then stored 
in a freezer. 2,2’-Azobis(2-methylpropionitrile) (AIBN) was recrystallised from 
methanol twice and dried under reduced pressure. Propionic acid-yl butyl 
trithiocarbonate (PABTC) and 2-propionic acid dodecyl trithiocarbonate (PADTC) 
were used as received from Dulux Australia. Toluene (Ajax Finechem, 99.9 %), 
hydrochloric acid (HCl, Ajax, 32 %) and N,N-dimethylformamide (DMF, Labscan, 
biotechnology grade) were used as received. 1,4-Dioxane was distilled under 
reduced pressure and stored under nitrogen. Poly(2-(dimethylamino)ethyl acrylate) 
(PDMAEA, 64 %, Mn,NMR = 7000 g mol
–1, DPn,NMR = 47, Đ = 1.40) and poly(acrylic acid), 
PAA50 (100 %, DPn,th = 50, Mn,th = 4100 g mol
–1), PAA100 (100 %, DPn,th = 100, Mn,th = 
7900 g mol–1) and PAA500 (Mn,NMR = 100 %, DPn,th = 500, Mn,th = 38800 g mol
–1) were 
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synthesised by Joyce Zhao (Key Centre for Polymers and Colloids, University of 
Sydney) according to standard RAFT polymerisation procedures. 
 
2.2.2 Equipment 
2.2.2.1 1H Nuclear Magnetic Resonance 
Nuclear magnetic resonance (NMR) was used to determine monomer conversions 
and number average molecular weights. 1H NMR spectra were recorded on either a 
200 or 300 MHz Bruker AVANCE NMR instrument in deuterated chloroform, 
methanol, acetone or DMSO. The solvent residual peak was used as an internal 
reference, except for CDCl3, where tetramethylsilane (TMS) was used.  
 
2.2.2.2 Size Exclusion Chromatography 
Size Exclusion Chromatography (SEC) was used to determine the molecular weights 
and molecular weight distributions of the polymers prepared. Two systems were 
used for analysis dependent on polymer solubility and are described below. 
THF soluble polymers (i.e. PS, PtBA, PS-b-PAA) were characterised using a 
Shimadzu LC-10AT liquid chromatograph system equipped with a Shimadzu RID-10A 
differential refractive index detector and a Shimadzu SPD-10A UV-Vis detector. The 
polymer samples were passed through a Polymer Laboratories 10 μm guard column 
and two Polymer Laboratories PLgel Mixed-B columns using tetrahydrofuran (THF) 
as eluent containing 0.04 g L–1 hydroquinone at a flow rate of 1.0 mL min–1 at 40 °C. 
Analyte samples were prepared by dissolution in THF containing 0.04 g L–1 
hydroquinone and 0.5 % (v/v) toluene as the flow rate marker.  
DMF soluble polymers (i.e. PHEA, PNIPAAm, PDMAEA, PS-b-PAA and        
PS-b-PHEA) were analysed using a Polymer Laboratories GPC-50 instrument 
equipped with a PL-RI differential refractive index detector. The polymer samples 
were passed through a Polymer Laboratories PolarGel 8 μm guard column, and two 
Polymer Laboratories PolarGel-M columns using N,N-dimethylformamide (DMF) as 
eluent containing 0.04 g L–1 hydroquinone and 0.1 % (w/w) LiBr at a flow rate of 
0.5 mL min–1 at 50 °C. Analyte samples were dissolved in DMF containing 0.04 g L–1 
hydroquinone, 0.1 % (w/w) LiBr and 1.15 % (w/w) water as the flow rate marker.  
Prior to injection, samples were filtered through a PTFE membrane 
(0.45 µm pore size). The molecular weights and molecular weight distributions were 
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determined using CirrusTM GPC software by conventional calibration with linear 
polystyrene standards ranging from 162 to 6,035,000 g mol–1. 
 
2.2.2.3 Thermal Gravimetric Analysis 
The thermal stability of the cellulose–polymer blends was assessed by thermal 
gravimetric analysis (TGA). Samples (1–10 mg) were heated from room temperature 
to a minimum temperature of 500 °C on a Hi-Res TGA 2950 thermogravimetric 
analyser at a heating rate of 10 °C min–1 under a nitrogen atmosphere (60 cm3   
min–1). This procedure varied depending on the nature of the sample being 
analysed. To remove residual monomer or solvent, isothermal stages were 
introduced at certain temperatures (generally at 100 and 200 °C respectively). 
The moisture content, residual mass and decomposition temperatures 
were determined using the TA Instruments Universal Analysis 2000 software. The 
thermolysis profiles reported here have been adjusted to 100 % after loss of 
moisture and/or solvent for easier comparison between materials. The derivative 
weight loss obtained by differentiating the TGA curve with respect to temperature 
is also given in conjunction with the TGA curve, called the differential 
thermogravimetric (DTG) curve. The DTG curve allows the temperature range over 
which decomposition occurs to be more easily observed and compared between 
samples. This manipulation was carried out by the TA Instruments Universal 
Analysis 2000 software. The temperature at the maximum rate of mass loss or 
decomposition, Tmax, was determined from the derivative curve, and corresponds to 
the peak positions. 
 
2.2.2.4 Differential Scanning Calorimetry  
Differential scanning calorimetry (DSC) under a nitrogen atmosphere (60 cm3 min–1) 
was used to investigate the thermal properties of the cellulose–polymer blends with 
a TA Instruments DSC 2920 modulated DSC calibrated using an indium metal 
standard. Samples (5–10 mg) were heated in an aluminium pan with a pinhole from 
25 °C to 120–200 °C. The sample was then cooled to a temperature ranging 
between -40 and -100 °C depending on the synthetic polymer present in the blend, 
before being heated to 120–200 °C at a rate of 10 °C min–1. This cooling-heating 
cycle was repeated 3 times. An empty aluminium pan with a pinhole was used as a 
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reference. The glass transition temperature, Tg, was determined using the TA 
Instruments Universal Analysis software from the final heating cycle.  
 
2.2.2.5 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy 
Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) 
was performed on the pure polymer and cellulose blend materials using a Bruker 
Optics Alpha-E spectrometer equipped with a ZnSe ATR accessory. Data collection 
and manipulation were performed using OPUS 6.0 software. The spectra shown in 
this thesis were corrected by taking the ratio of the sample spectra to the 
background. The background spectra were recorded directly before each sample 
collection. The data was also subject to a Kubelka–Munk transformation that was 
applied automatically by the software. All samples were kept under vacuum at 70 °C 
for 24 h prior to measurement to remove any traces of free water. Each spectrum 
was recorded between 4000 and 500 cm–1 at a resolution of 4 cm–1 using 128 scans.  
 
2.2.2.6 Diffuse Reflectance Infrared Fourier Transform Spectroscopy 
Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was performed 
on a Bruker Tensor 27 spectrometer equipped with a DTGS detector, a mid-IR 
source and a KBr beam splitter. The spectra were recorded between 4000 and 
500 cm–1 at a resolution of 4 cm–1 using 32 scans. Samples were subjected to a 
background subtraction using dry KBr. Data collection and manipulation was 
performed using OPUS 6.0 software. 
 
2.2.2.7 Solid-State Ultraviolet-Visible Spectrophotometry 
Solid-state ultraviolet-visible spectrophotometry (UV-Vis) was performed using a 
Varian Cary 1E UV-Vis spectrophotometer. The spectrometer was equipped with a 
halogen and mercury lamp, with source changeover set at 350 nm. The spectra 
were subject to a background subtraction using filter paper in the sample cell and as 
the reference material. Each spectrum was recorded between 900 and 190 nm at a 
scan rate of 600 nm min–1, a 1.0 nm data interval and an average time of 0.1 s. The 
spectra shown in this report were obtained from averaging a set of 2–4 
measurements and the reflectance subjected to the Kubelka–Munk correction. 
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2.2.2.8 Solution Ultraviolet-Visible Spectrophotometry 
Solution ultraviolet-visible spectrophotometry (UV-Vis) spectra were recorded using 
a Varian Cary 1E UV-Vis spectrophotometer. The spectrometer was equipped with a 
halogen and mercury lamp, with source changeover set at 350 nm. The spectra 
were subject to a background subtraction using the corresponding solvent, a 5 % 
(w/v) solution of lithium chloride (LiCl) in N,N-dimethylacetamide (DMAc). Each 
spectrum was recorded between 500 and 270 nm at a scan rate of 600 nm min–1, a 
1.0 nm data interval and an average time of 0.1 s. For each sample, the reported 
spectra were obtained from averaging a set of 3 measurements. A quartz cell with a 
square aperture and a 1.0 cm path length was used for all measurements. 
 
2.2.2.9 Scanning Electron Microscopy 
Scanning electron microscopy (SEM) was used to investigate changes in surface 
morphology between the cellulose blend materials in comparison to the pristine 
regenerated cellulose films. SEM images were obtained using a Zeiss ULTRA plus 
scanning electron microscope with an accelerating voltage of 10–20 kV. The 
samples were dried in a vacuum oven for at least 24 h at 70 °C prior to coating with 
a 15 nm thick layer of gold using an Emitech K550X sputter coater. The digital 
micrographs were recorded over a range of magnifications between 500 and 
40,000 ×, at a working distance between 4 and 8 mm. A charge compensator was 
employed to reduce the effects of charging.  
 
2.2.3 Preparation of Synthetic Polymers by RAFT Polymerisation 
2.2.3.1 Synthesis of Linear Polystyrene 
A 25 mL Schlenk flask was charged with a mixture of styrene (6.1 g, 59 mmol) and 
PADTC (0.34 g, 0.96 mmol) before being fitted with a rubber septum. The reaction 
mixture was then deoxygenated by purging with nitrogen before being fitted with a 
glass stopper to prevent monomer evaporation and placed in an oil bath preheated 
to 110 °C. After 49 h, the polymerisation was quenched by cooling and exposure to 
air (82 % conversion by 1H NMR). The polymer was purified by precipitation into 
cold methanol (-78 °C) and dried in a vacuum oven overnight at 40 °C to give pure 
polystyrene as a bright yellow fine powder. SEC (THF, 1 mL min–1, 40 °C): 
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Mn,SEC = 5000 g mol
–1, Mw,SEC = 5600 g mol
–1, Đ = 1.12. Mn,NMR = 5400 g mol
–1, 
DPn,NMR = 48. Mn,th = 5600 g mol
–1, DPn,th = 50. 
1H NMR (300 MHz, CDCl3, ppm):          
δ 7.24–6.87 (240H, br. m, C6H5CH polymer side chain), 3.25 (2H, br. m, -CH2-S,         
Z-group), 2.53–1.18 (168H, br. m, -CH and -CH2 polymer backbone,                               
-S-CH2-CH2-(CH2)9-CH3 Z-group, -OH R-group), 0.91 (3H, br. m, -CH3 Z-group). ATR-
FTIR (cm–1): 3058, 3026, 2926, 2849, 1703, 1601, 1492, 1452, 1372, 1314, 1154, 
1069, 1030, 905, 757, 748, 697, 620, 603, 587, 566, 541, 519. 
 
 
Scheme 2.1 Synthetic route followed to prepare linear polystyrene by RAFT polymerisation using 
thermal initiation. 
 
2.2.3.2 Synthesis of Linear Poly(2-hydroxyethyl acrylate) 
A 20 mL sample vial was charged with HEA (3.0 g, 26 mmol), PABTC (0.12 g, 
0.52 mmol), AIBN (8.5 mg, 0.05 mmol) and DMF (2.0 mL). The reaction vessel was 
then sealed with a rubber septum and the mixture deoxygenated by purging with 
nitrogen. The reaction mixture was then placed in a preheated oil bath at 60 °C with 
stirring. After 6 h, the polymerisation was quenched by cooling and exposure to air 
(92 % conversion by 1H NMR). The resulting polymer was purified by precipitation 
into cold diethyl ether (-78 °C) twice and dried in a vacuum oven at room 
temperature overnight to yield pure PHEA as a yellow viscous liquid. SEC (DMF, 
0.5 mL min–1, 50 °C): Mn,SEC = 7900 g mol
–1, Mw,SEC = 8900 g mol
–1, Đ = 1.13. Mn,NMR = 
5500 g mol–1, DPn,NMR = 45. Mn,th = 5600 g mol
–1, DPn,th = 46. 
1H NMR (300 MHz, 
DMSO-d6, ppm): δ 4.99–4.54 (40H, br. s, -OH polymer side chain, -CHCH3 R-group), 
4.27–3.76 (88H, br. m, -OCH2CH2OH), 3.76–3.44 (88H, br. m, -OCH2CH2OH), 3.16 
(4H, t, -SCH2) 2.44–2.1 (45H, br. m, -CH polymer backbone), 1.99–1.25 (88H, br. m, 
CH2 polymer backbone, -SCH2CH2 Z-group, -CHCH3 R-group), 1.08 (6H, br. m,              
-SCH2CH2CH2 Z-group, -COOH R-group), 0.88 (3H, br. t, -CH3 Z-group).   
 
Scheme 2.2 Synthetic route followed to prepare linear poly(2-hydroxyethyl acrylate) by RAFT 
polymerisation. 
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2.2.3.3 Synthesis of Poly(tert-butyl acrylate) 
A 20 mL sample vial was charged with tBA (6.0 g, 47 mmol), PABTC (0.19 g, 
0.78 mmol), AIBN (12.9 mg, 0.08 mmol) and toluene (3.0 g). The reaction vessel was 
then sealed with a rubber septum and the mixture deoxygenated by purging with 
nitrogen. The reaction mixture was then placed in an oil bath preheated to 60  °C 
with stirring. After 3 h, the polymerisation was quenched by cooling and exposure 
to air (90 % conversion by 1H NMR). The residual monomer and solvent were 
removed under reduced pressure to yield PtBA as a bright yellow viscous liquid to 
glassy solid, used without further purification to prepare PAA by acid-catalysed 
hydrolysis. SEC (THF, 1 mL min–1, 40 °C): Mn,SEC = 6900 g mol
–1, Mw,SEC = 7300 g mol
–1, 
Đ = 1.07. Mn,th = 7200 g mol
–1, DPn,th = 54. 
1H NMR (300 MHz, CDCl3, ppm): δ 4.7 (1H, 
br. m, -CH R-group), 3.34 (2H, br. m, -S-CH2 Z-group), 2.46–0.98 (634H, br. m, -CH 
and -CH2 polymer backbone, -C(CH3)3 polymer side chain, -OH, -CHCH3 R-group,                 
-S-CH2CH2CH2CH3 Z-group), 0.93 (3H, br. t, -CH3 Z-group). DRIFTS (cm
–1, KBr Matrix): 
3556, 3307, 2965, 2922, 2867, 2356, 1735, 1493, 1412, 1331, 1263, 1155, 582, 527. 
 
 
Scheme 2.3 Synthetic route followed to prepare linear poly(tert-butyl acrylate) by RAFT 
polymerisation. 
 
2.2.3.4 Hydrolysis of Poly(tert-butyl acrylate) to Poly(acrylic acid) 
PtBA (0.52 g, 3.9 × 10-3 mol ester) was dissolved in 1,4-dioxane (3 mL) in a 25 mL 
round bottom flask. HCl (1 mL, 2 × 10-3 mol) was then added to the reaction vessel 
and the solution heated under reflux for 17 h. The solvent and aqueous acid were 
removed under reduced pressure after the reaction mixture had cooled to room 
temperature. The resultant polymer was purified by precipitation into cold hexane. 
The degree of hydrolysis was estimated by 1H NMR. Disappearance of the tert-butyl 
groups suggests complete hydrolysis to poly(acrylic acid). Mn,NMR = 4200            
g mol–1, DPn,NMR = 52. 
1H NMR (300 MHz, Methanol-d4, ppm): δ 2.57–2.30 (52H, br. 
m, -CH polymer backbone), 2.03–1.44 (112H, br. m, -CH2 polymer backbone,                           
-S-(CH)C=OCH3 R-group), 1.18–1.12 (4H, -CH2CH2CH3 Z-group), 0.95 (3H, -CH3,          
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Z-group). DRIFTS (cm–1, KBr Matrix): 3558, 2961, 2687, 1713, 1454, 1244, 1171, 
1117, 1080, 868, 810, 617. 
 
 
Scheme 2.4 Preparation of poly(acrylic acid) by acid hydrolysis of poly(tert-butyl acrylate). 
 
2.2.3.5 Synthesis of Polystyrene-block-Poly(tert-butyl acrylate) 
Polystyrene (Mn,NMR = 5400 g mol
–1, 0.5 g, 0.10 mmol) bearing a trithiocarbonate 
moiety (preparation detailed in Section 2.2.3.1) was dissolved in toluene (0.60 mL). 
To this mixture, AIBN (1.6 mg, 9.7 × 10-3 mmol) and tBA (0.64 g, 5.0 mmol) were 
added. The reaction vessel was then sealed with a rubber septum before being 
deoxygenated by purging with nitrogen. The reaction mixture was then heated at 
60 °C in a preheated oil bath until stirring ceased. The resulting block copolymer 
was obtained by removing the residual monomer and solvent under reduced 
pressure, followed by repeated precipitations into cold methanol (0 °C) to yield     
PS-b-PtBA as a glassy yellow solid (90 % conversion by 1H NMR). SEC (THF,        
1 mL min–1, 40 °C): Mn,SEC = 8500 g mol
–1, Mw,SEC = 9900 g mol
–1, Đ = 1.16. Mn,NMR 
(block) = 4200 g mol–1, DPn,NMR (block) = 33. Mn,th (block) = 5800 g mol
–1, DPn,th 
(block) = 45. 1H NMR (300 MHz, acetone-d6, ppm): δ 7.38–6.36 (281H, br. m, 
C6H5CH, polymer side chain), 4.76 (1H, br. m, -S-(CH)C=OCH3 R-group), 3.44 (2H, br. 
t, -S-CH2 Z-group), 2.42–1.16 (715H, br. m, -CH and -CH2 polymer backbone of PS 
and PtBA, -C(CH3)3 PtBA side chain, -S-CH2(CH2)10CH3 Z-group, -S-(CH)C=OCH3 and     
-OH R-group), 0.89 (3H, br. t, -CH3 Z-group). DRIFTS (cm
–1, KBr Matrix): 3083, 3060, 
3026, 3003, 2978, 2928, 2852, 1728, 1601, 1493, 1479, 1452, 1392, 1256, 1149, 
1070, 1030, 908, 847, 757, 699, 542, 473. 
 
Scheme 2.5 Synthetic route followed to prepare a block copolymer of PS and PtBA from a PS-
PADTC macroinitiator by RAFT polymerisation. 
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2.2.3.6 Preparation of Polystyrene-block-Poly(acrylic acid) by Hydrolysis of Polystyrene-
block-Poly(tert-butyl acrylate)  
PS-b-PtBA (0.81 g, 2.1 × 10–3 mol ester) was dissolved in 1,4-dioxane (3 mL) in a 
25 mL round bottom flask. HCl (1 mL, 2.0 × 10-3 mol) was then added to the reaction 
vessel and the solution heated under reflux for 18 h. The solvent and acid were 
removed under reduced pressure, and the resultant block copolymer purified by 
repeated precipitations into cold hexane (0 °C). The degree of hydrolysis was 
estimated using 1H NMR. The degree of hydrolysis is an underestimate since the 
signals of the tert-butyl ester group overlap with the signals of the polymer back-
bone. 87 % hydrolysis, Mn,th = 8000 g mol
–1 (where Mn,th = MCTA + Mstyrene·DPPS + 
DPtBA(0.129·MtBA + 0.871·MAA)). 
1H NMR (300 MHz, acetone-d6, ppm): δ 7.38–6.36 
(271H, br. m, C6H5CH, polymer side chain), 4.96 (1H, br. m, -S-(CH)C=OCH3 R-group), 
3.42 (2H, br. t, -S-CH2 Z-group), 2.71–1.16 (371H, -CH and -CH2 polymer backbone of 
PS, PtBA and PAA, -C(CH3)3 PtBA side chain, -S-CH2(CH2)10CH3 Z-group,                          
-S-(CH)C=OCH3 and -OH R-group), 0.88 (3H, br. t, -CH3 Z-group).  DRIFTS (cm
–1, KBr 
Matrix): 5388, 3030, 2928, 2849, 2658, 2580, 1942, 1872, 1760, 1710, 1602, 1583, 
1492, 1452, 1416, 1369, 1242, 1174, 1111, 1065, 1028, 907, 808, 759, 698, 603, 
540, 520, 467, 440, 403.  
 
 
Scheme 2.6 Preparation of PS-b-PAA by acid hydrolysis of PS-b-PtBA. 
 
2.2.3.7 Synthesis of Poly(N-isopropyl acrylamide) 
NIPAAm (6.0 g, 52 mmol), PADTC (0.31 g, 0.88 mmol), AIBN (14.6 mg, 0.089 mmol) 
and DMF (12 mL) were added to a 25 mL Schlenk tube. The reaction vessel was then 
sealed with a rubber septum and the mixture deoxygenated by purging with 
nitrogen. The reaction mixture was then placed in a preheated oil bath at 60 °C with 
stirring. After 3.5 h, the polymerisation was quenched by cooling and exposure to 
air (78 % conversion by 1H NMR). The resultant polymer was purified by repeated 
precipitation into a 60:40 v/v mixture of hexane:diethyl ether and dried in a vacuum 
oven overnight at 40 °C to yield pure PNIPAAm as a fine yellow powder. SEC (DMF, 
0.5 mL min–1, 50 °C): Mn,SEC = 5600 g mol
–1, Mw,SEC = 6100 g mol
–1, Đ = 1.10. 
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Mn,NMR = 6000 g mol
–1, DPn,NMR = 50. Mn,th = 5700 g mol
–1, DPn,th = 47. 
1H NMR 
(300 MHz, CDCl3, ppm): δ 7.20–5.66 (46H, br. m, -NH polymer side chain), 4.72–4.47 
(1H, br. m, -CH R-group), 4.14–3.90 (49H, br. m, -CH polymer side chain), 3.37–3.30 
(2H, br. m, -S-CH2 Z-group), 3.26–0.79 (522H, br. m, -CH and -CH2 polymer 
backbone, -CH(CH3)2 polymer side chain, -S-CH2(CH2)10CH3 Z-group, -S-(CH)C=OCH3 
and -OH R-group, -CH3 Z-group). ATR (cm
–1): 3264, 2935, 1633, 1538, 1456, 1386, 
1369, 1169, 1132, 561, 539, 526, 517.  
 
 
Scheme 2.7 Synthetic route followed to prepare PNIPAAm by RAFT polymerisation. 
 
Table 2.1 Conversion, number average molecular weight and corresponding degree of 
polymerisation estimated from 1H NMR, number average- and weight average molecular weight 
and corresponding dispersity as determined by SEC for the synthetic polymers prepared by 
RAFT polymerisation used in the fabrication of cellulose–synthetic polymer hybrid materials. 
 1H NMR SEC 
Synthetic 
Polymer 
%C 
Mn,NMRb 
(g mol–1) 
DPn,NMRa 
Mn,SEC 
(g mol–1) 
Mw,SEC 
(g mol–1) 
Ð 
PS48 82 5400 48 5000 5600 1.12 
PHEA45 92 5500 45 7900 8900 1.13 
PtBA54 90 - - 6900 7300 1.07 
PAA52 - 4200 52 - - - 
PNIPAAm49 78 6000 50 5600 6100 1.10 
PDMAEA47 64 7000 47 3000 4100 1.40 
PAA50 100 4100 50 - - - 
PAA100 100 7900 100 - - - 
PAA500 100 38800 500 - - - 
PHEA50 100 6000 50 - - - 
PHEA100 100 11900 100 - - - 
PHEA450 93 52500 450 - - - 
PDMAEA93 62 13600c 93 7100 10200 1.44 
PDMAEA96 64 14000c 96 8300 10900 1.32 
PDMAEA350 49 50400c 350 - - - 
PS48-b-PAA33 - 8000d - - - - 
aDPn,NMR was determined by 1H NMR end-group analysis, typically integrating against the butyl or dodecyl –CH3 group of the 
CTA.  
bMn,NMR = (DPn,NMR  MMmonomer) + MMCTA.   
cEstimated from conversion, where DPn = [DMAEA]/[CTA]  %CNMR, Mn = DPn,NMR × MMDMAEA + MMPABTC, MMDMAEA = 
143.18 g mol–1, MMPABTC = 238.39 g mol–1.  
dMn,th = MCTA + Mstyrene·DPPS + DPtBA(0.129·MtBA + 0.871·MAA)).  
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2.2.4 Dissolution of Cellulose and Preparation of Cellulose–Polymer 
Blends 
2.2.4.1 Dissolution of Microcrystalline Cellulose Powder 
A mixture of cellulose (1.0 g) and DMAc (40 mL) was heated at 130 °C in an oil bath 
with vigorous stirring for 2–3 h. The mixture was then allowed to cool with 
continued stirring. Once the temperature reached 100 °C, LiCl (4.0 g) was added to 
the reaction mixture. The mixture was then allowed to cool to room temperature 
yielding a clear viscous solution.  
 
2.2.4.2 General Procedure for the Preparation of a Cellulose–Polymer Blend 
2.5 % (w/v) stock solutions of cellulose in LiCl/DMAc and synthetic polymer in DMAc 
were prepared. 2.5 mL of each solution were then mixed together to give a total 
volume of 5 mL containing 0.0625 g of cellulose and 0.0625 g of the synthetic 
polymer. The mixture was then stirred overnight (18 h) in a sealed glass vial at 
50 °C. The solution was then allowed to cool to room temperature, before being 
transferred to a Petri dish and dried in a vacuum oven overnight at 70 °C. The film 
produced was then rinsed or soxhlet extracted with a good solvent for the synthetic 
polymer for 24 h, then dried at 70 °C in a vacuum oven and stored in a desiccator. 
When the blend was prepared by precipitation, rather than solution casting, the 
solution containing dissolved cellulose and polymer was added drop-wise to a non-
solvent for cellulose such as water or ethanol, and the material collected by 
filtration. The blend was then dried in a vacuum oven at 70 °C. 
 
2.2.4.3 Preparation of Cellulose Blends with Swollen Cellulose 
Microcrystalline cellulose (1.0 g) was stirred at 130 °C in DMAc (40 mL) for 2–3 h. 
The cellulose mixture was then combined with a 2.5 % (w/v) solution of the 
synthetic polymer at the desired volume ratio. The blend was then collected by 
centrifugation. 
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 Results and Discussion 2.3
Our group has elucidated that grafting synthetic polymers covalently from the 
cellulose backbone is an effective method to tune its properties.46,48-49,57,104-107 
However, this route is hindered from adopting widespread use in industry in the 
production of new materials. This is a consequence of the difficult and quite 
laborious chemistry required to covalently modify cellulose, as well as the 
heterogeneous nature of the hybrid structures produced.  
More recently, the use of supramolecular chemistry to prepare functional 
polysaccharide materials has been published by our group.73 This chapter will 
explore the use of supramolecular chemistry, specifically hydrogen bonding, as a 
potential alternative to traditional covalent methodologies in the preparation of 
functional cellulose hybrid materials.  
By blending polymers together, we have the potential to create a vast 
number of materials with targeted properties to suit specific applications. For 
instance, polystyrene, a notable material sourced from petrochemicals finds its 
major use in packaging materials as a homopolymer. The limited use of polystyrene 
is primarily due to its brittleness. Its applications have been greatly improved by the 
preparation of copolymers. Polystyrene–polybutadiene is a notable example 
whereby the introduction of the butadiene monomer results in a marked 
improvement in the material’s flexibility and consequently the scope of its use 
expanded to include coatings, as well as an alternative material to natural rubber in 
tyres, shoe soles, gaskets and even chewing gum due to its superior elastomer 
properties.108  
Combining a synthetic polymer such as polystyrene with cellulose has the 
potential to confer thermoplasticity to the cellulose backbone, making processing 
procedures such as extrusion and moulding more viable.109 Furthermore, the highly 
hydrophilic and porous nature of cellulose allows the adsorption of large quantities 
of water, resulting in poor material performance.46 The hydrophobicity of PS could 
potentially improve cellulose-based materials moisture resistance.46 Unfortunately, 
it is this feature of PS, its hydrophobicity, which will prevent the formation of a 
miscible or homogeneous mixture with the cellulose matrix. As such, PS is going to 
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act as our control, a material which is unable to interact with the cellulose 
backbone. We will therefore demonstrate the importance of the blend components 
compatibility by incorporation of hydrophilic groups capable of interacting with the 
cellulose backbone in comparison to cellulose–PS hybrid materials. A variety of 
polymers were prepared for this investigation. The prepared polymers are shown in 
Figure 2.3 indicating the groups available for hydrogen bonding with the cellulose 
hydroxyl moieties. The prepared polymers possess various hydrophilic groups 
including carboxylic acids, esters, alcohols, amides and amines.  
 
 
 
Figure 2.3 Synthetic polymers prepared by RAFT polymerisation include (a) polystyrene, (b) 
poly(acrylic acid), (c) poly(2-hydroxyethyl acrylate), (d) poly(N-isopropylacrylamide) and (e) 
poly(2-(dimethylamino)ethyl acrylate). H-bond donor (blue) and acceptor (red) atoms are 
highlighted to demonstrate possible sources of cellulose–polymer interactions. 
 
The cellulose hybrid materials were prepared according to the procedure 
described in Section 2.2.4 with an initial blending ratio of cellulose to synthetic 
polymer of 50-50 by mass, or 50 % loading of the synthetic polymer. Briefly, 2.5 % 
(w/w) stock solutions of polymer and cellulose were prepared in DMAc and 
LiCl/DMAc respectively. The stock solutions were then mixed, with a total volume of 
5 mL, and stirred overnight at 50 °C. The blends were collected by casting the 
solution into a glass Petri dish (diameter 7 cm), followed by solvent evaporation at 
70 °C under reduced pressure to yield a film. The blends were then subjected to 
either soxhlet extraction or rinsing with a suitable solvent for a period of 24 h to 
remove any polymer not strongly adsorbed onto the cellulose backbone through 
supramolecular interactions. This post-treatment of the blend with solvent serves 
to remove any residual solvent and LiCl remaining, as well as to remove any 
polymer that is not strongly attached to the cellulose backbone.110 The LiCl salt is 
used initially to disrupt the extensive hydrogen bonding network in cellulose and 
then for subsequent dissolution. The removal of the inorganic salt is imperative to 
prepare blends that exhibit good performance and retain good thermal stability.110  
(a) (b) (c) (d) (e) 
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The phase behaviour, surface morphology and thermal properties of the 
cellulose hybrid materials prepared were investigated through ultraviolet-visible 
(UV-Vis) spectrophotometry, attenuated total reflectance Fourier transform 
infrared (ATR-FTIR) spectroscopy, scanning electron microscopy (SEM), differential 
scanning calorimetry (DSC) and thermal gravimetric analysis (TGA). 
 
2.3.1 Blending Cellulose with Hydrophobic Polymers 
Polystyrene (PS) was blended with cellulose to prepare a hybrid material. The film 
produced was then subjected to soxhlet extraction with DCM to remove any 
polymer not attached to the cellulose. As polystyrene is a hydrocarbon-based 
polymer, it was not expected to interact with cellulose strongly. However, PS has 
many desirable properties to confer to cellulose. It is a thermoplastic and can 
reduce the hydrophilic nature of cellulose for improved material performance and 
processing.109 The material properties of the cellulose–PS blend were assessed by 
physical inspection, morphological characterisation by SEM analysis, and by thermal 
analysis in comparison to treated or regenerated cellulose (RC), untreated 
microcrystalline cellulose (MCC) and the synthetic polymer, PS.  
 
Figure 2.4 Photograph of a cellulose hybrid material loaded with 50 % PS by mass before soxhlet 
extraction. 
 
As shown in Figure 2.4, the cellulose–PS blend prepared exhibited a very 
granular or rough structure and was predominantly opaque. The film was also very 
brittle, crumbling on attempts to remove it from the Petri dish. This observation 
suggests the formation of very large aggregates of cellulose.12,67,111 Closer 
examination of the film surface by eye clearly revealed macroscopic phase 
separation. Yellow-coloured PS domains were clearly distinguishable from the white 
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cellulose matrix. This indicates, as expected, that the cellulose and PS are not 
miscible due to the unfavourable interactions between the material components. 
This course structure is commonly seen in immiscible polymer blends.112-113 
The morphology observed in polymer blends is a result of the arrangement 
adopted by the polymer chains. The configuration adopted is influenced by the 
treatment and processing technique used,114 as well as the interfacial interactions 
between blend components.112 Scanning electron microscopy (SEM) was used to 
investigate the morphology of the cellulose hybrid materials. In Figure 2.5, the SEM 
micrographs of the cellulose–PS hybrid film clearly demonstrate the immiscibility of 
the blend components when compared to the morphology of the regenerated 
cellulose film. The micrograph of the regenerated cellulose film (Figure 2.5 (a)) 
clearly shows the cellulose chains have adopted an ordered structure, likely 
attributable to the linear arrangement of the polymer chains resulting in the 
formation of fused fibrils,114 as evidenced by the linear morphology observed. The 
film is also relatively smooth and porous. This morphology is typical for cellulose 
regenerated from LiCl/DMAc mixtures.110,115  
 
 
 
Figure 2.5 SEM micrographs of (a) regenerated cellulose films in comparison to (b) cellulose–PS 
films loaded with 50 % polymer after soxhlet extraction with DCM. 
 
Contrary to the regenerated cellulose film, the integrity of the cellulose–PS 
film appears compromised with obvious cracks (Figure 2.5 (b)). This observation 
strongly suggests the blend components are phase separated. However, the 
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presence of cracks may also be a result of aging or ‘phase ripening,’112 further 
exacerbated by the presence of a large concentration of LiCl, preventing the 
hydrogen bonds between adjacent cellulose chains reforming on regeneration. It is 
also noteworthy that the diameter of the fibres that formed in the cellulose–PS 
blend exceeds the diameter typically observed for cellulose of 0.5–1 μm.115 This 
may be a consequence of incorporating an incompatible component with cellulose. 
This effectively switches the hydrogen bonding between cellulose chains on, and 
when combined with fast evaporation of solvent on regeneration, results in the 
highly course and opaque films observed. 
Thermal gravimetric analysis (TGA) and differential scanning calorimetry 
(DSC) are the most commonly used techniques to investigate the thermal 
characteristics of polymer blends.112 Changes in the thermal properties can often be 
a desired consequence for a specific application such as in flame retardant 
materials116 or beneficial in waste management of disposable materials. Changes in 
the thermal properties are more importantly an indication of whether or not the 
components are miscible and therefore indicate the quality and performance of a 
material. 
Thermal gravimetric analysis measures the weight loss of a material as a 
function of temperature. In this chapter, the degradation temperatures, Tonset and 
T50, the temperature at which 2 and 50 % of the material has degraded respectively 
are tabulated for comparison in Table 2.2, Page 39. The derivative with respect to 
temperature was additionally applied to the thermal gravimetric (TG) curve to 
obtain the derivative thermal gravimetric (DTG) curve to allow easier comparison of 
the thermal degradation processes occurring between materials. The DTG curve is a 
measure of the rate a material is decomposing, resulting in a series of peaks centred 
about the maximum rate of mass loss, denoted Tmax. The width of the peaks 
indicate the temperature range over which a thermal process occurs.  
The TGA and corresponding DTG curves of the cellulose–PS hybrid material 
are shown in Figure 2.6 in comparison to PS, microcrystalline cellulose (MCC) and 
regenerated cellulose (RC). The PS homopolymer undergoes two degradation steps. 
The weight loss of the initial step is consistent with the decomposition of the RAFT 
group. The larger degradation corresponds to the decomposition of the polymer 
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pendent group and backbone. Both microcrystalline cellulose and the regenerated 
cellulose undergo a single degradation step. The regenerated cellulose degrades at 
a lower temperature than MCC. This is a consequence of the dissolution and 
regeneration process. The microcrystalline cellulose is initially swollen in DMAc for 
several hours before the addition of an inorganic salt, LiCl. The salt is added once it 
can enter the crystalline domains and competitively bind to the cellulose hydroxyl 
groups. The extensive hydrogen bonding between adjacent cellulose chains is then 
disrupted or destroyed resulting in dissolution.117 Upon regeneration, the extensive 
hydrogen bonding network is not completely restored and thus the material 
degrades at lower temperatures. The presence of residual LiCl may also be a 
contributing factor. 
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Figure 2.6 Thermal gravimetric curves and corresponding thermal degradation profiles of a 
cellulose–PS hybrid material loaded with 50 % synthetic polymer (by mass) before (purple 
curves) and after (blue curves) soxhlet extraction with DCM in comparison to PS (red dashed 
curves), a RC film (black dashed curves) and MCC (black solid curves). 
 
The cellulose hybrid material displays a drastically lower onset degradation 
temperature in comparison to both cellulose and PS and exhibits two clear thermal 
decomposition peaks centred around 250 and 425 °C before and after being 
subjected to soxhlet extraction with DCM. The second degradation can be clearly 
attributed to the presence of the polystyrene. The degradation of PS within the 
blend occurs over roughly the same temperature range as for the pure 
homopolymer, which further supports our expectation that the interaction between 
the cellulose matrix and PS would be poor. In addition, the proportion of blend 
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material associated with this degradation dramatically decreases upon soxhlet 
extraction with DCM. As washing with DCM did not remove all the PS from the 
regenerated cellulose film, chain entanglement, rather than any specific interaction 
between the cellulose and PS is the likely cause, preventing the removal of PS by 
washing. This indicates that the presence of the PS, as well as the high LiCl content, 
prevented the cellulose from reforming its extensive hydrogen bonded network, 
and as such, the thermolysis of cellulose was shifted to much lower temperatures. 
The presence of hydrophobic polymer chains has been shown to destabilise the 
cellulose matrix towards thermal degradation. The presence of two degradations 
associated with each component, is evidence that the components are not miscible, 
and there is no interaction between them.  
As discussed previously, the heterogeneous nature of cellulose-based 
materials hinders their widespread use. Unfortunately, the tendency of polymer 
blends to phase separate and form complex phase morphologies can present a 
significant challenge in characterisation when compared to homopolymers. The 
phase stability or the miscibility of the components is an important factor for 
determining the performance of a blend material. Differential scanning calorimetry 
(DSC) is one of the most common methods exploited to examine the miscibility of 
blend components. Interactions between blend components cause changes in 
thermal processes such as melting or glass transition temperatures in comparison 
to the individual components. These changes are a result of altered chain mobility 
or material morphology.112 
When blend components are miscible or homogenous, only one glass 
transition temperature, Tg, should be observed between that of the two 
components. Multiple Tg values are expected in inhomogeneous or immiscible 
blends, corresponding to that of the blend components.112-113 Immiscible blends 
generally have course structures, and exhibit poor mechanical properties.59,118  
Differential scanning calorimetry was carried out on the cellulose–PS blend 
to investigate the hybrid materials thermal properties. Unfortunately no such 
transitions were observed for the hybrid material. Since transitions associated with 
the individual components were not observed either suggests the technique is not 
sensitive enough to characterise this sample. This is not surprising since glass 
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transitions are a property of amorphous materials, and we observed that the 
cellulose formed very ordered structures by SEM in the hybrid material.119 The high 
LiCl content may also be a contributing factor. Nevertheless, the appearance of the 
blend, clear phase separation, and the separate thermal decomposition processes 
observed corresponding to the respective components indicate the cellulose and PS 
do not form a homogeneous system as expected.  
In this section, experimental protocols were put in place to demonstrate 
the ability of a synthetic polymer to blend with cellulose, by using a hydrophobic 
synthetic polymer, PS, which is known to be incompatible with cellulose. In order to 
improve the compatibility of a synthetic polymer with cellulose, and therefore to 
favour blending, we need to make use of the hydroxyl moieties along the cellulose 
backbone. By introducing polymers with hydrophilic groups capable of forming 
hydrogen bonds with cellulose, we expect that the blend materials will exhibit 
improved properties in comparison to the polystyrene blend. A variety of 
hydrophilic polymers were prepared to investigate the effect of polymer structure 
and the ability to form hydrogen bonds on the miscibility of the blends. The 
polymers, poly(acrylic acid) (PAA), poly(2-hydroxyethyl acrylate) (PHEA), poly(N-
isopropylacrylamide) (PNIPAAm) and poly(2-(dimethylamino)ethyl acrylate) 
(PDMAEA) were used for this investigation. The structures of the synthetic polymers 
are shown in Figure 2.3.  
 
2.3.2 Blending Cellulose with Hydrophilic Polymers 
The blends with hydrophilic polymers were prepared similarly to the cellulose–PS 
blend as outlined in Section 2.2.4. The cellulose–hydrophilic polymer blends were 
very smooth, semi-transparent to transparent and appeared to consist of 
crystalline-like domains as can be seen in Figure 2.7 (b) and (c) in comparison to a 
hydrophobic polymer blend in Figure 2.7 (a). The photographs of these blends in 
comparison to the cellulose–PS blend possess marked differences. Since the 
hydrophilic blends at this stage also still contain the LiCl salt, and do not possess the 
same brittle properties observed for the hydrophobic polymer, it can be surmised 
that the presence of PS results in the very poor blend properties. However, it should 
be noted that these apparent crystalline domains could be the result of the rapid 
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removal of solvent from the film surface under reduced pressure and at high 
temperatures, as well as the presence of the LiCl salt. 
 
Figure 2.7 Photographs comparing cellulose hybrid materials loaded with 50 % (a) PS, (b) PHEA 
and (c) PAA before soxhlet extraction. 
 
The morphology of the cellulose hybrid materials were also investigated 
through SEM. The SEM micrographs are shown in Figure 2.8. There are clear 
differences in the morphologies of the hybrid materials in comparison to the 
regenerated cellulose film. The cellulose hybrid materials loaded with hydroxyl-
functional polymers, PAA and PHEA, are shown in Figure 2.8 (b) and (c) respectively. 
Both hybrid materials exhibit a very fibrous morphology. The same ordered 
structure is observed when compared to regenerated cellulose, i.e. the formation of 
fibrils is observed. The fibrous or hairy texture of these cellulose fibrils may be a 
result of polymer coating. However, this roughness may also be a result of aging or 
phase separation. The layered microstructure formed is typical of cellulose 
regenerated from LiCl/DMAc mixtures, with a separation of 42–51 nm generally 
observed between layers.114  
The nitrogen-containing polymers, PNIPAAm and PDMAEA shown in Figure 
2.8 (d) and (e) exhibit a much smoother morphology than the hydroxyl-containing 
polymers. This may be an indication of blend component miscibility. The presence 
of these polymers may have also disrupted the ability of the cellulose chains to 
reform its extensive inter- and intramolecular H-bonds, preventing the formation of 
cellulose fibrils and resulting in more homogeneous blends. 
(a) (b) (c) 
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Figure 2.8 SEM micrographs of (a) regenerated cellulose films in comparison to cellulose hybrid 
materials loaded with 50 % (b) PAA (c) PHEA (d) PNIPAAm and (e) PDMAEA. 
 
The thermal decomposition of the blends prepared with hydrophilic 
polymers, PAA, PHEA, PNIPAAm and PDMAEA after treatment are shown in Figure 
2.9 (a)–(d) with respect to pure cellulose, regenerated cellulose and the 
corresponding synthetic polymer used. From the DTG curves, the cellulose hybrid 
materials all appear to undergo one main decomposition process associated with 
the degradation of the cellulose matrix. Very little difference between the thermal 
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properties of the hybrid materials to the pure untreated cellulose is observed. 
However, compared to the cellulose–PS hybrid structure, it is clear that no major 
changes to the cellulose structure have been suffered due to the presence of the 
synthetic polymers, with the materials main degradation occurring within 50 °C of 
each other. Since the blends have been treated by either soxhlet extraction or 
rinsing with a suitable solvent to remove any polymer not strongly attached to the 
cellulose backbone, it is not surprising that no obvious decomposition is observed 
for the free polymer. We would also expect that if the cellulose and synthetic 
polymer are interacting strongly, like a supramolecular graft copolymer, the 
material would have a different thermal profile than the individual components. But 
this is not always the case, as decomposition products can cause acceleration or 
delay of other thermal processes.113 The measured degradation temperatures 
(Tonset, T50 and Tmax) are summarised in Table 2.2 (Page 39). 
As mentioned previously, regenerated cellulose begins to degrade at lower 
temperatures (270 °C) than microcrystalline cellulose (298 °C). This is because the 
crystalline domains have been destroyed by the dissolution process, and are not 
completely restored on regeneration due to the rigidity of the cellulose chains, a 
consequence of the equatorial positions of the hydroxyl moieties. As such, the 
cellulose chains cannot arrange into the most ideal conformation upon fast removal 
of solvent. This results in a higher quantity of amorphous cellulose, which degrades 
at lower temperatures. In a similar manner, the regenerated films containing the 
synthetic polymer also begin to degrade at lower temperatures than the 
microcrystalline cellulose. This is more clearly observed in the DTG graphs (Figure 
2.9). There is a clear narrow decomposition associated with the highly ordered 
cellulose structure, accompanied by a small shoulder at lower temperatures. This 
may be associated with the decomposition of amorphous cellulose. The broader 
temperature range over which the material degrades may also indicate the 
retention of synthetic polymer in the blends after washing.  
The thermolysis of the cellulose–polymer hybrids will now be discussed in 
more detail for each polymer in terms of post-treatment methods and polymer 
structure. The PAA, PHEA and PDMAEA hybrid materials behaved the most similarly 
under decomposition. The degradation step associated with the cellulose matrix 
2.3 Results and Discussion 
  
36 
 
were very sharp and relatively narrow, similar to microcrystalline and regenerated 
cellulose. The narrow temperature range of decomposition is associated with the 
extensive cooperative hydrogen bonding present within cellulose. Once this 
network is destroyed, the remaining material then degrades rapidly due to 
improved accessibility.  
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Figure 2.9 Thermal gravimetric curves and corresponding thermal degradation profiles of 
cellulose–polymer hybrid materials (blue curves) loaded with 50 % (w/w) (a) PAA, (b) PHEA, (c) 
PNIPAAm and (d) PDMAEA in comparison to the corresponding synthetic polymers (red 
dashed curves), regenerated cellulose film (black dashed curves) and microcrystalline cellulose 
(black solid curves). 
 
The PAA and PHEA blends main decomposition process is marginally 
shifted to higher temperatures than cellulose. This may be attributed to the 
presence of the synthetic polymer. In Figure 2.9 (a) and (b), the main decomposition 
processes associated with the degradation of the backbone and side-chain of the 
(a)  (b) 
(c) (d) 
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corresponding synthetic polymers, degrade at significantly higher temperatures 
than cellulose. The presence of polymer may be substantial enough to cause the 
shift observed for the hybrid material when compared to cellulose. In comparison 
to the PDMAEA blend (Figure 2.9 (d)), the main degradation is shifted to slightly 
lower temperatures compared to cellulose, the synthetic polymer also has a 
significant decomposition process about 50 °C lower than cellulose.  
The residual material after thermolysis at 500 °C is significantly higher in all 
regenerated samples in comparison to MCC, which does not contain any LiCl. The 
remaining material is most likely a combination of carbon and LiCl that is trapped 
within the cellulose material. The presence of LiCl could affect the materials ability 
to reform its extensive hydrogen bonded network. By comparing the amount of 
residual material at 500 °C in the TGA curves with the decomposition profiles, it is 
clear that as the amount of residue increases, the onset of degradation and the 
maximum rate of decomposition are both shifted to lower temperatures. This data 
is tabulated in Table 2.2, Page 39, Entries 4, 5 and 6 for comparison. As such, the 
presence of LiCl within these materials provides a significant drawback which not 
only impacts material properties, but also their potential application.  
The PAA and PDMAEA blends both exhibit a narrower thermal degradation 
process associated with the cellulose matrix. This indicates the amount of hydrogen 
bonding between the main material components is stronger than in regenerated 
cellulose. Hydrogen bonding is a cooperative process. The material degrades at a 
faster rate as bonds are broken, since it becomes more accessible. The presence of 
the synthetic polymer may help to organise the rigid and bulky cellulose chains 
upon solvent removal. This suggests that the cellulose and synthetic polymer chains 
are interacting strongly through the formation of intermolecular hydrogen bonds, 
rather than self-associating, forming a network of interpenetrating polymer 
networks (i.e. crosslinked polymers). This result suggests that the blend 
components are miscible. If the blend components were not interacting with each 
other in a favourable manner, we would expect to see separate degradation 
processes for each component. Although it is possible the amount of polymer 
retained within the cellulose matrix is too low for such degradations to be observed 
since soxhlet extraction or rinsing procedures remove a substantial quantity of 
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polymer. However, the broader temperature range over which all blends degrade 
strongly suggests that the synthetic polymer is still present.  
The range over which thermolysis occurs is broadened and shifted to 
higher temperatures in the presence of PHEA. This may be a consequence of a 
higher polymer content than in the PAA and PDMAEA blends. The higher retention 
of PHEA is supported by the onset degradation temperature of the PHEA blend of 
208 °C, relatively unchanged from the synthetic polymer of 212 °C in addition to UV-
Vis studies (see Appendix A.1, Page 194, for further details). The temperature range 
over which the main degradation occurs may also be a consequence of the PHEA 
being less hydrophilic than PAA. The presence of a greater amount of PHEA, 
compared to PAA or PDMAEA does not imply that PHEA interacts with cellulose 
more strongly than PAA or PDMAEA. The PHEA side chain is longer than PAA. As 
such, chain entanglement may result in a higher polymer content after treatment. 
Due to the solubility of PDMAEA, the cellulose–PDMAEA blend was rinsed with 
water. However, water is a known swelling solvent for cellulose. When the cellulose 
swells, water can enter the ordered or crystalline domains. The PDMAEA chains are 
then able to form hydrogen bonds with the water competitively over the cellulose, 
which would lead to them being washed away.  
The cellulose–PNIPAAm hybrid material displays the most marked 
differences when compared to pure cellulose. It is clear from the thermolysis profile 
in Figure 2.9 (c) that a significant amount of PNIPAAm is retained in the cellulose 
matrix, with a shoulder observed at 406 °C associated with the degradation of 
pure PNIPAAm. While the cellulose matrix degradation has been shifted to higher 
temperatures, significant broadening is observed compared to untreated cellulose. 
This indicates the extensive hydrogen bonds between cellulose chains are 
significantly disrupted in the presence of PNIPAAm. Although PNIPAAm is capable of 
forming hydrogen bonds, the hydrophobic dimethyl groups may sterically hinder its 
ability to form hydrogen bonds with the cellulose hydroxyl groups. The question this 
poses is why the PNIPAAm has been retained in the film if there is little interaction 
between it and the cellulose matrix. The cellulose–PNIPAAm blend was rinsed with 
THF, an ideal solvent for PNIPAAm. Compared to water and methanol, THF is not a 
swelling solvent. It is also not a strong hydrogen bond acceptor. As such, the 
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PNIPAAm that is trapped within the cellulose matrix by entanglement cannot be 
removed by washing with THF as THF has very little penetration power. In addition, 
THF is not a competitive hydrogen bond donor, and therefore will not interact with 
the PNIPAAm chains that are not participating in hydrogen-bonding with cellulose. 
Thus, this blend retains both hydrogen-bonded and trapped polymer.  
 
Table 2.2 Summary of the thermal properties of cellulose blends loaded with 50 % (w/w) 
synthetic polymer in comparison to MCC, RC and the corresponding synthetic polymer. 
Entry Polymer Treatment 
Tonset 
(°C) 
T50 
(°C) 
Tmax 
(°C) 
Moisture 
Content 
(%) 
Residue 
at 500 °C 
(%) 
A 
i MCC - 298 346 348 3 2.38 
ii 
RC Film 
Rinsed              
(H2O, 24 h) 
267 341 336 9.4 19.2 
iii 
Soxhlet extracted              
(H2O, 24 h) 
276 347 346 7.02 13.7 
B 
i PS - 259 412 261, 419 0.16 4.83 
ii Blend 
Soxhlet extracted 
(DCM, 24 h) 
234 --- 236, 383 38.5 82.9 
C 
i PAA - 147 384 
150, 168, 
210, 273, 
397, 433 
3.67 13.1 
ii Blend 
Soxhlet extracted 
(MeOH, 24 h) 
249 350 350 6.75 14.2 
D 
i PHEA - 212 436 
279, 348, 
372, 439 
10.2 5.43 
ii Blend 
Soxhlet extracted 
(MeOH, 24 h) 
208 351 357 8.01 7.51 
E 
i PDMAEA - 191 315 304, 388 16.7 5.00 
ii Blend 
Rinsed                         
(H2O, 24 h) 
234 364 370, 406 7.03 13.8 
F 
i PNIPAAm - 249 418 253, 428 5.35 2.25 
ii Blend 
Rinsed                          
(THF, 24 h) 
234 364 370, 406 7.03 13.8 
G 
i PS-b-PAA - 189 421 430 4.68 5.46 
ii 
Blend 
Rinsed                                
(H2O, 24 h) 
218 380 
195, 237, 
358, 429 
4.51 11.6 
iii 
Rinsed                                
(DMAc, 24 h) 
195 359 363 6.33 10.7 
 
The glass transition, Tg, is another physical property that can be used to 
inform the constitution of a blend. The Tg is the characteristic temperature an 
amorphous material proceeds from a glassy to a rubbery state. When materials are 
blended together that do not interact, two transitions will be observed associated 
with each component at approximately the same temperature of the individual 
components, and the materials are incompatible. There exist two types of 
compatible blends. When the components are miscible, only one transition should 
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be observed. The temperature of the transition will be additive depending on the 
ratio the blend components are present in. When the components are immiscible, 
two transitions will be observed, similar to incompatible blends, but they will differ 
from the individual components. As such, measuring the glass transition 
temperature of the cellulose–hybrid materials can be a useful tool to determine 
whether the blend components are miscible or not, or whether they are completely 
incompatible. It is a measure of how strongly the components interact.112 
The DSC traces and glass transition temperatures are shown in Figure 2.10, 
and in Table 2.3, respectively for the cellulose hybrid materials loaded with 50 % 
PAA, PHEA, PDMAEA and PNIPAAm in comparison to the corresponding synthetic 
homopolymers. The glass transition temperature of cellulose has been well 
documented in the literature to vary between 60–80 °C,120 depending on the 
moisture content. The Tg is shifted to lower temperatures as the moisture content 
increases, as the water disrupts the H-bonds and allows the chains to move more 
easily.  
Due to the porous nature of cellulose and high hydrophilicity, any moisture 
or solvent capable of forming hydrogen bonds can potentially be adsorbed by the 
cellulose matrix and act as a plasticiser to alter this property. This makes the 
accurate determination of the glass transition temperature of a material containing 
cellulose very difficult. The materials are difficult to dry, and even if dried 
effectively, the material would then differ from the one prepared, as such, the value 
measured would not be an accurate representation of that material’s properties.  
The cellulose hybrid materials prepared by blending with hydrophilic 
polymers in this study were all observed to undergo a glass transition within or 
below the range documented in the literature for cellulose (60–80 °C).120 From re-
dissolution of the hybrid materials in a mixture of LiCl/DMAc, it was determined 
that the blends contain less than 12 % synthetic polymer by mass by solution UV-Vis 
spectroscopy exploiting the UV-active RAFT group retained on the polymer chain 
end (see Appendix A.1 for further details, Page 194). As the polymer loading 
(50 % w/w) far exceeds polymer retention, the Tg observed in a miscible blend is 
expected to be predominantly influenced by the cellulose matrix. Due to the low 
concentration of synthetic polymer in the hybrid material, assessing the miscibility 
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from this technique may not be reliable. If the concentration of the polymer is too 
low, DSC may not be sensitive enough to detect the Tg associated with the polymer 
component, assuming the systems are not miscible. 
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Figure 2.10 DSC thermograms of cellulose–polymer hybrid materials loaded with 50 % (a) PAA 
(orange curve), (b) PHEA (purple curve), (c) PNIPAAm (dark teal curve) and (d) PDMAEA 
(light teal curve) produced by film casting a mixture of dissolved cellulose and polymer followed 
by solvent evaporation. The range over which pure cellulose undergoes a glass transition is 
indicated (yellow area) for comparison. 
 
It is interesting that the system containing PDMAEA undergoes the smallest 
change in heat capacity for this transition. This observation may indicate that the 
structure formed is more crystalline in nature than the other blends. Since PDMAEA 
is incapable of forming intermolecular hydrogen bonds, it may facilitate the 
formation of H-bonds between adjacent cellulose chains. 
 
Table 2.3. Glass transition temperatures of cellulose hybrid materials loaded with 50 % (w/w) 
synthetic polymer after washing in comparison to the corresponding synthetic polymers and 
cellulose. 
Entry Polymer Treatment 
Tg (°C) 
Pure Polymer Blend 
A Cellulose --- 60–80* 91 
B PAA 
Soxhlet Extracted 
(MeOH) 
57 14, 49 
C PHEA 
Soxhlet Extracted 
(MeOH) 
-21 64 
D PNIPAAm 
Rinsed 
(THF) 
118 66 
E PDMAEA 
Rinsed 
(H2O) 
-34 85 
*Literature Values.120 
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The cellulose–PAA hybrid material undergoes two thermal transitions. Both 
these transitions occur at lower temperatures than both cellulose and PAA. PAA 
finds applications in absorbent materials due to its high hydrophilicity, allowing it to 
absorb large quantities of water. This may explain why the transitions have been 
shifted to lower temperatures compared to both blend components. While the 
transition at 14 °C is clearly a glass transition, the transition at 49 °C resembles a 
melting endotherm, a transition associated with crystalline materials.  
From the results presented so far, it has been difficult to establish whether 
the observed changes can be attributed to the incorporation of synthetic polymer 
into the cellulose matrix, or whether it is a consequence of the applied treatment 
method. In order to determine the effect the washing procedure has on the 
regenerated cellulose matrix, a series of regenerated cellulose films were prepared 
and subjected to rinsing and soxhlet extraction using the same solvents as the 
hybrid materials. The TGA and corresponding DTG curves are shown in Figure 2.11, 
and the results summarised in Table 2.4. It is clear from these thermograms, that 
the solvent and treatment method used has a significant impact on the thermal 
degradation profile of regenerated cellulose. However, it should also be noted that 
while this study assists our understanding that the treatment method and solvent 
used does have an effect on the properties of the regenerated cellulose, 
reproducibility may be an issue as solvent retained after washing and water 
adsorption effect the properties of the films and this cannot be controlled.  
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Figure 2.11 (a) Thermal gravimetric curves and corresponding normalised (b) DTG curves 
showing the thermal decomposition of RC with treatment method chosen. 
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On comparing the residue in the TGA traces to the DTG curves in Figure 
2.11, it is apparent that the thermal stability of the blends shows a marked 
improvement with decreasing LiCl content. This clearly demonstrates the necessity 
of the washing procedure, even with the significant loss of synthetic polymer. 
Rinsing with DCM is ineffective for this purpose, showing a very similar degradation 
profile as the regenerated cellulose film that has not been treated due to poor 
solubility. Hence, a more suitable solvent to treat the cellulose–PS blend discussed 
in Section 2.3.1 would be required, such as THF over DCM. However, the quality of 
the film before soxhlet in comparison to the hydrophilic polymer blends with 
cellulose provides ample evidence that PS and cellulose are incompatible and are 
incapable of being blended without the introduction of a compatibilising agent or 
plasticiser.     
Methanol is the most suitable solvent to remove the LiCl salt from the 
regenerated cellulose films, while DCM is the least effective as discussed earlier. In 
general, the thermolysis profiles of the regenerated cellulose films are much 
broader than microcrystalline cellulose. There is also a small shoulder observed at 
lower temperatures in all traces. This observation can be attributed to the presence 
of a larger proportion of amorphous cellulose after regeneration in comparison to 
microcrystalline cellulose.  
 
Table 2.4 Summary of the thermal properties of regenerated cellulose with varied post-treatment 
procedures of soxhlet extraction versus rinsing and washing solvent. 
Entry 
Polymer / 
Treatment 
Solvent 
Tonset 
(°C) 
T50 
(°C) 
Tmax 
(°C) 
Moisture 
Content 
(%) 
Residue 
at 700 °C 
(%) 
A i MCC --- 298 346 348 3.00 2.38 
B i 
Regenerated 
Cellulose 
--- 199 --- 
251, 538, 
680 
19.0 69.6 
C 
i Regenerated 
Cellulose 
(Soxhlet 
Extracted) 
H2O 266 349 352 6.05 3.11 
ii MeOH 252 324 326, 523 4.53 1.92 
iii DCM 175 642 
127, 247, 
385 
16.2 46.2 
D 
i 
Regenerated 
Cellulose 
(Rinsed) 
H2O 281 355 352 6.49 27.5 
ii THF 210 282 
267, 373, 
512 
13.1 14.4 
iii 
H2O, 
DMAc 
218 350 332 4.25 7.07 
 
The contribution of amorphous cellulose is greatest for the regenerated 
cellulose film subjected to soxhlet extraction with methanol. The high temperature, 
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and amphiphilic nature of this solvent promotes swelling of the cellulose compared 
to the films that were only rinsed at ambient temperatures. Thus heating in the 
presence of a swelling solvent, such as water or MeOH results in the disruption of 
the hydrogen bonded network as the solvent enters the crystalline domain, 
reducing the thermal stability of the material. As methanol is less hydrophilic than 
water, it may hinder the formation of hydrogen bonds between the cellulose chains 
more significantly, resulting in the degradation being broadened and shifted to 
lower temperatures. 
While the LiCl content of the regenerated cellulose rinsed with THF was 
relatively low (< 14.4 %), the decomposition was significantly shifted to lower 
temperatures, similar to the untreated regenerated cellulose with high 
concentrations of LiCl. As THF is not a swelling solvent, the cellulose chains have a 
limited mobility and hence cannot reorganise effectively to adopt the preferred 
conformation that affords the good thermal properties to the cellulose matrix.  
As such marked changes in thermal properties can be promoted by 
washing procedure and solvent used, one must consider whether the polymers are 
present in the blends after treatment, and whether they have any effect on the 
properties of the cellulose matrix. As washing removes a significant proportion of 
the polymer, it is difficult to determine the extent to which a polymer is retained 
within a film. UV-Vis spectroscopy is a powerful technique to characterise the 
presence of a polymer within a blend, although it requires the introduction of a UV 
tag within the synthetic polymer structure. In this respect, RAFT proves to be the 
ideal technique in the manufacture of the synthetic polymers, since the 
trithiocarbonate used to prepare the linear homopolymers for this investigation is a 
highly UV-active group, which can act as a marker. Solid state UV-Vis spectra of 
each of the cellulose hybrid materials blended with hydrophilic polymers in 
comparison to regenerated cellulose and a typical RAFT agent are shown in Figure 
2.12. All hybrid materials show an increased intensity at 325 nm when compared 
to regenerated cellulose. This corresponds to the characteristic π–π* transition of 
the trithiocarbonylthio end-group of the synthetic polymers. This observation 
confirms the retention of the synthetic polymer in the regenerated cellulose film.  
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Figure 2.12 Solid-state UV-Vis spectra of cellulose hybrid materials with PAA (orange curve), 
PHEA (purple curve), PNIPAAm (dark teal curve) and PDMAEA (light teal curve) in 
comparison to RC (black curve) and a typical RAFT-bearing polymer (red curve). 
 
Attenuated total reflectance (ATR) spectroscopy was also used to elucidate 
the blend composition and probe the nature of the interactions between the 
synthetic polymers and the cellulose matrix. The ATR spectra for the cellulose 
hybrid materials loaded with 50 % PAA, PHEA, PNIPAAm and PDMAEA in 
comparison to regenerated cellulose can be seen in Figure 2.13. As mentioned 
previously, after washing procedures, the polymer content is considerably reduced. 
The intensity of the peaks associated with the synthetic polymer are hence very 
weak due to low surface concentrations, and potentially may not be accessible for 
detection if participating in hydrogen bonding within the cellulose matrix. The 
spectra presented here have been subjected to the Kubelka–Munk correction and 
normalised to the C-O-C stretch at the β-(14)-glycosidic linkage of cellulose at 
896 cm–1. This peak was taken as the reference as other peaks associated with the 
synthetic polymer are unlikely to interfere. However, this means that the relative 
heights of the other peaks appear exaggerated. 
The expansion between 1400 and 1800 cm–1 clearly shows two peaks 
associated with the carbonyl moieties of the synthetic polymers. The peaks 
correspond to free and H-bonded carbonyls with decreasing wavenumber. The 
intensity of the free carbonyl is higher than the H-bonded carbonyl. For the 
cellulose–PDMAEA case, it is clear that the hydrogen-bonded carbonyls are 
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interacting with the cellulose hydroxyl moieties, as PDMAEA is only capable of 
accepting hydrogen bonds, therefore cannot form hydrogen bonds with itself. For 
the PAA, PHEA and PNIPAAm hybrid materials it is not possible to determine 
whether the hydrogen-bonding is occurring between the synthetic polymer chains 
or with the cellulose hydroxyl moieties.    
 
Figure 2.13 FTIR spectra of (a) RC (black curve) in comparison to cellulose hybrid materials at 
50 % loading with (b) PAA (orange curve), (c) PHEA (purple curve), (d) PNIPAAm (dark teal 
curve) and (e) PDMAEA (light teal curve). 
 
The strength of the hydrogen-bonding interactions can be compared 
between the blends based on the difference between peak positions. The more 
shifted the peak is to lower wavenumbers, the stronger the interaction is between 
the components. However, the small intensities of these peaks prevent a 
quantitative analysis, as determining the actual peak positions would require 
deconvolution, which would be unreliable for such low intensity peaks. From these 
analyses, it appears that PDMAEA, followed by PHEA interact more strongly with 
cellulose. This is expected when comparing the number of sites or groups available 
for hydrogen bonding with the cellulose backbone (Figure 2.3).  
It has been demonstrated that miscible cellulose–synthetic polymer hybrid 
materials can be prepared by incorporating polymers with polar groups with no 
significant impact on the thermal properties of the cellulose backbone. The 
retention of the synthetic polymer within the cellulose matrix after washing was 
confirmed by solid-state UV-Vis spectroscopy. FTIR suggests the synthetic polymer 
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is interacting with the cellulose backbone through hydrogen bonding. It was also 
shown that the properties of the blends depend on the quantity of synthetic 
polymer retained in the blend, the LiCl content, as well as the post-treatment 
method. As such, the use of supramolecular chemistry appears promising as an 
alternative approach to traditional covalent methodologies to incorporate synthetic 
polymers with cellulose in a simple and straight-forward manner. 
 
2.3.3 Effect of Chain Length on the Properties of the Cellulose Matrix 
To investigate the effect chain length has on the properties of the cellulose matrix, 
and whether the interactions between the cellulose and synthetic polymer are 
strong enough to avoid phase separation due to the positive Gibb’s free energy of 
mixing associated with polymer blends, a series of polymers with chain lengths 
ranging between 50 and 500 monomer units were blended with cellulose. PAA, 
PHEA and PDMAEA were chosen for this investigation. Further to understanding the 
mechanism of polymer retention, the properties of a polymer are dependent on 
chain length, dispersity, architecture and topology. As such, the capacity to blend 
cellulose with polymers of various molecular weights enables the preparation of a 
diverse range of materials with targeted properties for specific applications. 
 
Figure 2.14 Photographs comparing cellulose hybrid materials loaded with 50 % PAA with 
a DPn of (a) 50 (b) 100 and (c) 500 before soxhlet extraction. 
 
The cellulose–PAA hybrid materials prepared with varying chain lengths of 
synthetic polymer are shown in Figure 2.14 prior to conducting washing procedures. 
All  blends are semitransparent, relatively smooth and again appear to consist of 
crystalline domains. These observations suggest that the presence of PAA with a 
DPn of up to 500 can be incorporated into cellulose to produce a compatible blend. 
(a) (b) (c) 
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This conclusion is further supported by the morphology observed in the SEM 
micrographs shown in Figure 2.15. The cellulose hybrid materials containing PAA 
with a DPn of 50 and 100 both clearly exhibit a linear morphology. This indicates the 
presence of very long-range order between the cellulose chains through 
intermolecular hydrogen bonding. The chains then bundle together to form these 
long fibres or fibrils in a similar manner to the regenerated cellulose film.  
 
 
 
Figure 2.15 SEM micrographs at magnifications 1000, 5000 and 10,000 times comparing the 
morphology of (a) regenerated cellulose to cellulose hybrid materials loaded with 50 % PAA with 
a DPn of (b) 50, (c) 100 and (d) 500 after soxhlet extraction with MeOH. 
 
However, these hybrid materials also demonstrate several notable 
morphological differences when compared to regenerated cellulose. The fibrils in 
the cellulose hybrids are very smooth and do not have the same porous structure 
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exhibited by the regenerated cellulose film. It is also noticeable that the fibres are 
less defined in the hybrid blended with PAA with a DPn of 50. This indicates that the 
lower DPn PAA is more miscible with cellulose than the higher molecular weight 
PAA.  
 
 
 
Figure 2.16 SEM micrographs of (a) regenerated cellulose and cellulose hybrid materials blended 
with PAA with increasing DPn of (b) 50, (c) 100 and (d) 500 before and after soxhlet. Images 
recorded at a magnification of 5000× and the scale bar represents 10 μm. 
 
When blended with a much higher molecular weight polymer, the 
morphology is drastically altered as can be seen in Figure 2.15 (d). The cellulose 
matrix now consists of a highly porous network rather than long fibres. Cellulose 
nanowhiskers, nanorods prepared by the acid hydrolysis of cellulose, adopt a similar 
structure when the hydrogen bonding is switched on by the addition of a non-
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solvent. The repulsive forces between the fibres are overcome between the 
negatively charged sulfate ester groups on the whisker surface. The addition of a 
much longer polymer may have a similar effect. While no evidence exists of phase 
separation, the presence of the polymer encourages the formation of smaller 
compact crystallites that then form a hydrogen bonded network structure. Although 
the washing procedures may be responsible for the artefacts observed, the SEM 
images of this hybrid material before and after soxhlet suggest that this structure 
was formed on regeneration. After washing, the pores become apparent. These 
pores were likely filled with the LiCl salt and the PAA. This can be seen clearly in 
Figure 2.16.  
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Figure 2.17 (a) Thermal gravimetric curves and corresponding area normalised (b) DTG curves 
showing the thermal decomposition of pure microcrystalline cellulose (black solid curves) and 
regenerated cellulose (black dashed curves) in comparison to cellulose–polymer hybrid materials 
loaded with 50 % PAA with a DPn of 50 (solid blue curves), 100 (solid red curves) and 500 (solid 
green curves) after soxhlet extraction with MeOH. 
 
The TGA and corresponding DTG curves of the cellulose hybrid materials 
blended with PAA with varying molecular weights in comparison to regenerated 
cellulose are shown in Figure 2.17. There is very little difference between the hybrid 
materials decomposition profiles. As observed previously, the blends degrade over 
a broader temperature range associated with the presence of synthetic polymer 
and a larger quantity of amorphous cellulose. As the chain length of the synthetic 
polymer incorporated into the cellulose matrix increases, the decomposition profile 
broadens, and the maximum decomposition temperature is shifted to slightly 
higher temperatures. This shift may be a simple consequence of the longer PAA 
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chains having a higher proportion of material decomposing at higher temperature 
than the lower molecular weight synthetic polymers. The extent of the 
decomposition associated with the cellulose matrix with increasing chain length 
reinforces the idea that as chain length increases, the presence of polymer becomes 
more significant as seen by the drastic changes in morphology when the chain 
length was increased from 100 to 500 monomer units. Therefore, the PAA prevents 
the formation of the strong hydrogen-bonded network between cellulose chains 
from reforming. The unfavourable interactions between the cellulose and long PAA 
chains force the cellulose to form small crystallites or whiskers instead of long 
fibres.  
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Figure 2.18 Solid-State UV-Vis spectra of cellulose hybrid materials at 50 % loading of PAA with a 
DPn of 50 (blue curve), 100 (purple curve) and 500 (green curve), in comparison to regenerated 
cellulose (black curve) and a typical RAFT-bearing polymer (red curve). 
 
Since there is no evidence of phase separation and the integrity of the 
cellulose matrix in terms of thermal stability is maintained, the presence of polymer 
within the system must be ascertained to determine the origin of the properties 
observed. Solid-state UV-Vis spectroscopy was carried out on the blend materials 
and the spectra can be seen in Figure 2.18. The blends containing PAA with DPn 50 
and 100 shows a clear increase in intensity associated with the RAFT group. 
However, the DPn 500 blend is less distinct. This may be attributed to the much 
lower concentration of the RAFT group. The porous structure adopted by the 
cellulose structure may have also facilitated better dissolution of the PAA within 
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this blend. In addition, the much stronger reflectance observed below 300 nm for 
this system may indicate the synthetic polymer is present, and the changed 
reflectance profile a consequence of altered morphology or the preparation of a 
supramolecular graft copolymer between cellulose and PAA. 
The retention of synthetic polymer within the cellulose matrix after 
washing was also confirmed by ATR-FTIR (Figure 2.19). From the expansion between 
1900 and 1500 cm–1, it is clear that the PAA with the lowest DPn interacts more 
strongly with the cellulose matrix, with only hydrogen-bonded carbonyl groups 
observed. It should be noted that while from IR we cannot determine whether the 
hydrogen bonds are between the two components or between PAA chains, as no 
evidence of phase separation exists, the combination of all analyses suggests that 
the PAA is indeed interacting with the cellulose.  
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Figure 2.19 ATR-FTIR spectra of regenerated cellulose (black curve) in comparison to cellulose 
hybrid materials loaded with 50 % PAA with a DPn of 50 (blue curve), 100 (red curve) and 500 
(dark teal curve) after soxhlet extraction with MeOH. 
 
To further determine whether supramolecular interactions or chain 
entanglement influence polymer retention and blend properties, PHEA and 
PDMAEA at various molecular weights were blended with cellulose. The SEM 
micrographs of the cellulose hybrid materials with PHEA and PDMAEA with 
increasing chain length are shown in Figure 2.20. The cellulose–PHEA hybrid 
materials (Figure 2.20 (a)–(c)) exhibit similar behaviour as the PAA blends (Figure 
2.15). The cellulose–PHEA hybrid materials exhibit a linear morphology until the 
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higher molecular weight is blended with cellulose in Figure 2.20 (c), where a more 
porous structure has been adopted. This is contrary to the morphology observed for 
the PDMAEA hybrid materials where a linear morphology is observed over the 
range of molecular weights (Figure 2.20 (d)–(f)). These morphological differences in 
comparison to PAA and PHEA blends may arise as a consequence of the chemical 
functions of PDMAEA. Since PDMAEA only possess moieties that can donate to form 
a hydrogen bond, it cannot form hydrogen bonds with itself, and as such, self-
aggregation is less likely when there exists ample H-bond donors along the cellulose 
backbone to bond to.  
 
 
 
 
Figure 2.20 SEM micrographs comparing the morphology of cellulose–polymer hybrid materials 
loaded with 50 % PHEA with a DPn of (a) 50, (b) 100 and (c) 450 monomer units, and PDMAEA 
with a DPn of (d) 93, (e) 96 and (f) 350 monomer units. 
 
The TGA and corresponding DTG curves for the PHEA and PDMAEA blends 
shown in Figure 2.21, which clearly demonstrate that the polymer content is 
greatest for higher molecular weight polymers with shoulders observed around the 
(a) 
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cellulose degradation that can be purely attributed to the presence of synthetic 
polymer. 
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Figure 2.21 TGA and corresponding DTG curves of cellulose–polymer hybrid materials loaded 
with 50 % (w/w) (a) PHEA (DPn 50, 100 and 450) and (b) PDMAEA (DPn 47, 96 and 350) in 
comparison to a regenerated cellulose film (black dashed curves) and untreated microcrystalline 
cellulose (black solid curves). The PHEA blends were soxhlet extracted with MeOH, and the 
PDMAEA blends rinsed with H2O. 
 
In this section, the effect of molecular weight of the synthetic polymer on 
the preparation of cellulose–synthetic polymer hybrid materials was explored. From 
this study, it was found that chain entanglement may play a more substantial 
contribution to the retention of the synthetic polymer, rather than strong 
cooperative hydrogen bonding between blend components. This is further 
supported by the significant differences in the morphology observed by SEM with 
increasing molecular weight. This suggests that as the molecular weight increases, 
the interactions between the cellulose and synthetic polymer become weaker. 
However, such behaviour may be exploited to prepare materials with desired 
morphology for targeted applications. 
 
2.3.4 Block Copolymers 
Even though it has been shown that the nature of these hybrid materials is difficult 
to characterise, we have successfully shown that washing procedures used do not 
completely remove the synthetic polymer from the cellulose matrix, whether due to 
favourable cooperative hydrogen bonding between blend components or simple 
(a)  (b) 
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chain entanglement. It is also clear that the presence of the synthetic polymer does 
not have detrimental consequences on the integrity of the cellulose supramolecular 
structure. As mentioned earlier, cellulose-based composite materials are highly 
vulnerable to moisture, owing to the high hydrophilicity of cellulose and its highly 
porous structure. However, PS has many desirable properties to combine with 
cellulose. It is a thermoplastic and can reduce the hydrophilic nature of cellulose. 
This often leads to poorly performing or failing materials. Roy et al.46 successfully 
reduced the hydrophilicity of cellulose by grafting PS from the cellulose backbone 
using RAFT to improve its compatibility in hydrophobic composite materials. This 
section explores the possibility to introduce a hydrophobic polymer such as PS onto 
the cellulose backbone through the formation of blends based on H-bonds.  
 
Figure 2.22 Photographs comparing cellulose hybrid materials loaded with 50 % (a) PS, (b) PAA 
and (c) PS-b-PAA before washing procedures. 
 
In Section 2.3.1 we showed that blends of cellulose and PS were very 
unstable due to the immiscibility of the components, arising from their 
unfavourable interactions. To improve the miscibility of PS with cellulose, PS was 
chain extended with a polymer capable of forming hydrogen bonds with the 
cellulose backbone, PS-b-PAA. The cellulose–PS-b-PAA blend films were transparent 
and smooth as can be seen in Figure 2.22 (c) in comparison to both cellulose–PS and 
cellulose–PAA films respectively. The cellulose–PS-b-PAA film does not have the 
same granular structure as that formed with pure polystyrene, nor the same 
crystalline structure observed with pure PAA. 
The SEM micrographs of the cellulose–PS-b-PAA hybrid (Figure 2.23) 
demonstrate that the morphology is markedly altered from the cellulose–PS hybrid 
material shown previously in Figure 2.5. There are no obvious artefacts such as 
cracking or domains visible to indicate the presence of phase separation. The blend 
(a) (b) (c) 
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exhibits a linear morphology similar to regenerated cellulose and the other 
hydrophilic blends (Figure 2.8).  
 
 
 
Figure 2.23 SEM micrographs at magnifications 1000, 5000 and 10,000× comparing the 
morphology of (a) regenerated cellulose to cellulose hybrid materials loaded with 50 % PS-b-PAA 
after rinsing with water and DMAc. 
 
In Figure 2.24, the DTG curve of the cellulose–PS-b-PAA hybrid material 
shows several decomposition peaks centred around 230, 360 and 425 °C before and 
after rinsing with DMAc, with the maxima shifted to higher temperatures in 
comparison to cellulose. These decomposition processes correspond to the 
decomposition of the polymer RAFT group and PAA side chains, the cellulose 
backbone and the PS side chains and polymer backbone, respectively. Even in the 
presence of a large concentration of PS, the cellulose blend degrades at a higher 
temperature than native cellulose. This shows the importance of a compatibilising 
group at the interface between the hydrophilic cellulose component and the 
hydrophobic polystyrene component. It is important to note however, that the 
maxima associated with the cellulose matrix is again slightly shifted to higher 
temperatures on the removal of the block copolymer by rinsing. This indicates that 
the presence of the block copolymer does to a small extent hinder the strong 
hydrogen bonding interactions between cellulose chains. From these observations 
we can conclude that it is possible to blend a variety of polymers with cellulose by 
the introduction of a small block capable of interacting with the cellulose backbone. 
However, it is not plausible to construct highly organised materials by simple 
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blending, especially when using the LiCl/DMAc solvent system which requires 
diligent washing procedures to remove them from the blend.    
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Figure 2.24 Thermal gravimetric curves and corresponding thermal degradation profiles of 
cellulose–PS-b-PAA hybrid material loaded with 50 % polymer after rinsing with water (dark teal 
curves) followed by DMAc (blue curves) in comparison to PS-b-PAA (red dashed curves), 
regenerated cellulose (black dashed curves) and untreated microcrystalline cellulose (black solid 
curves). 
 
The DSC thermograms of the cellulose–PS-b-PAA hybrid materials after 
rinsing with water and DMAc are given in Figure 2.25 and Tg values given in 
Table 2.4. Similarly to previous results, no transitions associated with the synthetic 
polymer were observed. This suggests the blend components are miscible, even 
with the incorporation of a hydrophobic block such as PS.  
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Figure 2.25 DSC thermograms of cellulose–PS-b-PAA hybrid materials loaded with 50 % 
synthetic polymer after rinsing with water (dark teal curve) and DMAc (blue curve). The range 
over which pure cellulose undergoes a glass transition is indicated (yellow area) for comparison. 
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In this section, it has been shown that the introduction of a segment 
capable of interacting with the cellulose backbone allows hydrophobic polymers to 
be incorporated with the cellulose backbone, which would otherwise be immiscible. 
With the advent of LRP techniques such as RAFT, which has allowed complex 
architectures such as block copolymers to be prepared in a simple manner, the 
number of materials that can be accessed through blending with cellulose can 
therefore be greatly increased. The properties required for specific applications can 
be targeted by changing the polymer, the chain length, composition and 
architecture to be simply combined with cellulose. This makes modifying the 
structure of cellulose by utilising supramolecular interactions, such as hydrogen 
bonding a more versatile and simple approach compared to chemical modification 
pathways.  
 
Table 2.5. Glass transition temperatures of cellulose hybrid materials loaded with 50 %  PS-b-
PAA in comparison to the synthetic polymer and cellulose. 
Entry Polymer Treatment 
Tg (°C) 
Pure Polymer Blend 
A i Cellulose - 60–80* 91 
B 
i 
PS-b-PAA 
Rinsed (H2O) 
49, 92 
74 
ii Rinsed (H2O, DMAc) 72 
*Literature values120 
 
2.3.5 Towards Improved Blend Preparation and Collection Methods 
In an effort to examine the extent of hydrogen bonding between the synthetic 
polymer and cellulose, extensive washing procedures were employed in attempts to 
remove the lithium chloride salt, residual high boiling solvent and un-attached 
polymeric chains. In the following section, other methods to prepare cellulose–
synthetic polymer blends that require less demanding and harsh purification 
procedures are explored to permit improved polymer loading, without covalent 
attachment and/or chemical modification. These methods, which include simple 
swelling of the cellulose in DMAc and precipitation of the blend in a non-solvent 
such as water or ethanol, were tested using PNIPAAm, PDMAEA and PS-b-PAA. The 
TGA and DTG curves for these materials are shown in Figure 2.26 (a)–(c).  
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An alternative approach commonly used to regenerate cellulose is by 
precipitation in a non-solvent. It was hoped that by precipitating the solution of 
cellulose and synthetic polymer in a non-solvent the LiCl would not be incorporated 
into the final material due to its good solubility in H2O or ethanol compared to 
DMAc. In addition, the brief period in solvent was expected to maximise the 
retention of synthetic polymer in the cellulose matrix. From the TGA and 
corresponding DTG curves in Figure 2.26 (a)–(c), all blends collected by precipitation 
consistently retained approximately 40 % LiCl. As such, the degradation of these 
hybrid materials is significantly shifted to lower temperatures compared to the 
regenerated cellulose hybrids. As discussed previously the degradation process 
associated with the cellulose matrix is broadened and shifted to lower 
temperatures as the presence of large quantities of LiCl hinders the formation of 
the very strong hydrogen-bonded network between the cellulose chains. In 
addition, in the case of PNIPAAm and PS-b-PAA, multiple thermal degradation 
processes are visible due to the retention of large quantities of synthetic polymer. 
The PDMAEA hybrid material does not show clear polymer degradation. This may 
be a consequence of its high solubility in water compared to the other synthetic 
polymers. However, as this method of material preparation results in a very large 
quantity of the inorganic salt being retained, it is again not a suitable method for 
material preparation.  
Another alternative method to prepare cellulose–synthetic polymer hybrid 
materials is the use of swollen cellulose to entrap synthetic polymer. In short, the 
microcrystalline cellulose was swollen for 2–3 h in DMAc. The synthetic polymer 
dissolved in DMAc (2.5 wt. %) was then introduced to give a total volume of 5 mL. 
The mixture was then stirred overnight (18 h) at 50 °C before the removal of solvent 
and washing with a suitable solvent by repeated centrifugation cycles. This method 
avoids the use of an inorganic salt completely, allowing much less vigorous rinsing 
procedures to be employed. Upon the introduction of a non-solvent, the swollen or 
partially dissolved chains should regenerated or collapse preventing the removal of 
synthetic polymer by washing.  
 
2.3 Results and Discussion 
  
60 
 
100 200 300 400 500
  MCC
 PNIPAAm
Treated Cellulose
 Rinsed
 Swelled
 Precipitated
PNIPAAm Blends
 Rinsed
 Swelled
 Precipitated
 
 
D
e
ri
v
a
ti
v
e
 W
e
ig
h
t 
L
o
s
s
 
(%
 o
C
-1
)
Temperature (
o
C)
0
20
40
60
80
100
 
W
e
ig
h
t (%
)
 
 
100 200 300 400 500
 
 MCC
Treated Cellulose
 Rinsed
 Swelled
 Precipitated
PDMAEA Blend
 Rinsed
 Swelled
 Precipitated  
D
e
ri
v
a
ti
v
e
 W
e
ig
h
t 
L
o
s
s
 
(%
 o
C
-1
)
Temperature (
o
C)
0
20
40
60
80
100
 
W
e
ig
h
t (%
)
 
 
100 200 300 400 500
 
 Pure Cellulose
Treated Cellulose
 Rinsed
 Swelled
 Precipitated
Cellulose-PS-b-PAA Blend
 Rinsed
 Swelled
 Precipitated
 
D
e
ri
v
a
ti
v
e
 W
e
ig
h
t 
L
o
s
s
 
(%
 o
C
-1
)
Temperature (
o
C)
0
20
40
60
80
100
 
W
e
ig
h
t (%
)
 
 Figure 2.26 TGA and corresponding DTG curves of cellulose–polymer hybrid materials (broken 
lines) loaded with 50 % (a) PNIPAAm, (b) PDMAEA and (c) PS-b-PAA comparing blend 
preparation techniques of regeneration by casting and evaporation followed by rinsing (red 
curves), swelling the cellulose in the presence of polymer (blue curves) and collection by 
precipitation (green curves) in comparison to treated cellulose (solid black curves). 
(a) 
(b) 
(c) 
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The thermolysis profile of swollen cellulose is shifted to significantly higher 
temperatures than regenerated cellulose. This is a consequence of the swelling and 
subsequent collapse of the amorphous regions of cellulose. This results in the 
crystalline domains becoming less accessible and hence results in an enhancement 
of the thermal stability of the material.  
 
Table 2.6 Summary of the thermal properties of swollen cellulose blends loaded with 50 % (w/w) 
synthetic polymer in comparison to microcrystalline cellulose, swollen cellulose and the 
corresponding synthetic polymer. 
Entry Polymer Treatment 
Tonset 
(°C) 
T50 
(°C) 
Tmax 
(°C) 
Moisture 
Content 
(%) 
Residue 
at 500 °C 
(%) 
A 
i MCC --- 298 346 348 3 2.38 
ii 
Swollen 
Cellulose 
Swollen, 
Rinsed 
(H2O) 
218 362 371 8.71 0.777 
B 
i PDMAEA  --- 191 315 304, 388 16.7 5 
ii Blend 
Rinsed                         
(H2O) 
197 343 286, 360 10.2 3.51 
C 
i PNIPAAm  --- 249 418 253, 428 5.35 2.25 
ii Blend 
Rinsed                          
(THF) 
224 358 
290, 370, 
494 
8.71 8.82 
D 
i PS-b-PAA --- 189 421 430 4.68 5.46 
ii 
Blend 
--- 266 364 354, 432   8.15 7.39 
iii 
Rinsed                                
(DMAc) 
241 370 
299, 376, 
415 
5.18 9.07 
 
The thermal degradation process associated with the cellulose matrix 
remains relatively unchanged in the blends in comparison to swollen cellulose. 
Figure 2.26 (a) shows a clear degradation process at lower and higher temperatures. 
The degradation at higher temperatures can be directly associated with the 
synthetic polymer degradation. The lower temperature degradation step is likely 
associated with amorphous cellulose. A similar profile is observed for the PDMAEA 
blend in Figure 2.26 (b), although the degradation at lower temperatures is much 
more pronounced in this blend. This can be attributed to both the presence of 
amorphous cellulose and PDMAEA. Since the material components appear to 
degrade separately, it is likely that the remaining material is entrapped, rather than 
forming supramolecular interactions with the cellulose backbone. 
The PS-b-PAA blend (Figure 2.26 (c)) only possesses a clear thermal 
degradation associated with the cellulose matrix, shifted to slightly higher 
temperatures and narrower than swollen cellulose. This may be a consequence of 
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the harsher washing procedure employed. The film was washed with water, 
followed by DMAc, which removed a significant quantity of synthetic polymer from 
the blend. The presence of the longer polymer chain with hydrophobic segment 
may have disrupted the cellulose matrix enough such that upon rinsing, the 
amorphous regions of cellulose were removed with the synthetic polymer, leaving 
behind only the crystalline domains. However, a significant proportion of polymer 
was retained after rinsing with water. As such, depending on the solvent chosen to 
remove the high boiling swelling solvent, the synthetic polymer can be retained. 
In this section, a number of methods to prepare cellulose–synthetic 
polymer blends were explored. It was demonstrated that regeneration by 
precipitation was an unsuitable method for the collection of the blend material, 
with large quantities of solvent and LiCl salt retaining. Swelling followed by 
regeneration was shown to possess improved thermal stability compared to 
untreated cellulose, and negated the need of any inorganic salt. As such, swollen 
blends prepared did not require harsh washing procedures and hence retention of 
synthetic polymer was greater than for the regenerated films prepared. But this 
method is again a heterogeneous modification, relying on chain entrapment, which 
was does not meet the initial aims of this investigation of using supramolecular 
interactions to prepare cellulose–graft copolymers with synthetic polymers.
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 Conclusions and Future Work 2.4
A variety of synthetic polymers bearing polar functional groups were prepared using 
RAFT polymerisation and blended with cellulose to prepare cellulose–synthetic 
polymer hybrid materials. It was shown that these hybrid materials exhibited 
superior properties than blends with hydrophobic polymers such as polystyrene. 
This emphasises the importance of the incorporation of polar groups within the 
synthetic polymer that are capable of interacting strongly with the cellulose 
backbone.  
Solid-state UV-Vis spectroscopy confirmed the retention of the synthetic 
polymer after post-treatment with a suitable solvent. While we envisioned the 
preparation of supramolecular cellulose-graft-copolymers through cooperative 
hydrogen bonding from previous investigations,73 the considerable loss of synthetic 
polymer and greater retention of higher molecular weight polymers suggests that 
chain entanglement is the major cause synthetic polymer is retained after washing 
rather than hydrogen bonding. However, as no evidence of phase separation was 
observed by SEM or DSC, the presence of a free and hydrogen bonded carbonyl by 
FTIR of the synthetic polymer within the cellulose matrix, particularly for PDMAEA 
that is incapable of forming intramolecular hydrogen bonds, it is clear that the 
cellulose and synthetic polymers bearing polar groups do participate in hydrogen 
bonding. 
Through the preparation of an amphiphilic block copolymer, PS-b-PAA, it 
was shown that hydrophobic polymers could be incorporated with cellulose, which 
would otherwise be immiscible. The ease and simplicity with which various complex 
materials such as block copolymers can now be prepared since the advent of CLRP 
techniques such as RAFT, as well as the vast array of polymerisable monomers 
suggests that a large number of cellulose-based materials may now be accessible 
through blending. The properties for a particular application may be targeted by the 
careful choice of synthetic polymer or polymers, the chain length, the composition 
or architecture, and then simply combined with cellulose to prepare a blend which 
retains the desirable properties of cellulose.  
As such, by the careful design of polymeric materials that incorporate polar 
groups capable of interacting with the cellulose backbone, it is possible to introduce 
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other synthetic polymers within a cellulose blend that offer promising properties 
such as thermoplasticity through supramolecular interactions. This approach was 
shown to be quite straightforward in comparison to the traditional and often 
laborious chemical grafting approach. 
While this intensive study demonstrated that the presence of highly polar 
groups along a polymer chain or segment is sufficient to compatibilise blend 
components, further work may be warranted to optimise this method and prove 
the viability of this approach in the preparation of cellulosic-based materials.  
In this work, the blends were subjected to washing by either soxhlet 
extraction or rinsing to remove the inorganic salt, LiCl, the high boiling solvent, 
DMAc, as well as any polymer not anchored securely onto the cellulose backbone 
through strong cooperative hydrogen bonding. However, the solvent chosen was 
generally a competitive H-bond donor. As polymers do not generally mix due to the 
positive Gibb’s free energy associated with polymer mixtures, it is more 
energetically favourable to interact with the solvent then cellulose. In addition, the 
solvents used were generally good swelling solvents for cellulose, allowing the 
solvent to enter the structure and dissolve the polymer. Future studies should 
investigate the most appropriate solvent for washing to remove the residual LiCl 
and DMAc without detrimental losses of synthetic polymer. In this work, it was 
shown that THF is quite suitable as it is not a swelling solvent or competitive H-bond 
donor. However, this meant that a large quantity of LiCl is not accessible and 
retained in the material, leading to poor thermal properties. Another solvent that 
has been previously exploited is isopropyl alcohol,101 and this may be an 
appropriate choice for further study. However, it is likely the washing solvent used 
may need to be varied with each polymer chosen. This approach may also be more 
easily adapted to industry by employing another solvent system to dissolve 
cellulose such as N-methylmorpholine N-oxide (NMMO)59 or ‘green’ ionic liquids 
that are easier to recycle and do not require an inorganic salt such as LiCl. 
Another important element that needs to be further investigated is the 
degree of mixing between components, as this factor influences the overall material 
performance. While the morphology observed by SEM and the Tg measured by DSC 
are the most commonly used techniques to elucidate the quality of a blend, there 
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are other techniques that may be able to further elucidate the nature of these 
blend materials. Optically clear films indicate domains do not exceed 200–300 nm. 
While DSC is quite a powerful tool, sensitive to domains as small as 35–40 nm, 
dynamic mechanical analysis (DTA) can detect the presence of domains smaller than 
15 nm. Solid state 13C NMR can be used to further characterise the nature of the 
interactions between the blend components based on the shift in resonant 
frequency in the blend compared to the individual components. In addition, the 
measured relaxation times can be used to accurately measure the size of the 
domains within the blend material.73,97 Unfortunately, most characterisation 
techniques including ATR, solid-state UV-Vis and NMR, available for materials are 
surface techniques. As such, no information is obtained about the composition and 
interactions within the bulk material. Consequently, the weak carbonyl absorptions 
associated with the synthetic polymer observed by FTIR spectroscopy may not truly 
reflect the nature of the material. Groups participating in hydrogen bonding may 
not be available at the surface, as they are buried in the interior. In addition, 
polymer is more likely to be washed off the surface than from the bulk structure. As 
such, these techniques only provide qualitative information about the blend 
composition. Transmission infrared spectroscopy may be able to further elucidate 
the amount and nature of interactions between the synthetic polymer and cellulose 
backbone within the bulk structure. However, this requires very thin films to be 
prepared, i.e. by spin coating, or the material cut into slices using a microtone.   
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 Introduction 3.1
Inorganic-organic core–shell nanostructures have ignited much research interest 
due to their unique physical and chemical properties that can be precisely tailored 
by changing either constituent material or their relative ratio.1-2 The coating 
material, or shell, can serve to alter the surface properties for a desired application, 
prevent aggregation by steric stabilisation,1 direct self-assembly into hierarchical 
structures,3-10 and reduce the consumption of precious materials.2 Accordingly, 
core–shell materials have emerged at the frontier between materials chemistry and 
a range of other fields from electronics, optics, biomedicine to catalysis.2 
Consequently, the preparation, properties and characterisation of core–shell 
structures have been the subject of significant research.1-2,6,11-15 
Inorganic nanomaterials including metallic nanoparticles,16-18 
semiconductors such as quantum dots,19 and metal oxide nanoparticles17,20 have 
received much attention due to their therapeutic,20 diagnostic14 and catalytic 
properties.16,18 To tailor such materials for a certain function would require the 
complete redesign of the core properties. To extend their application, certain 
functionalities can be introduced to tune the surface properties, dependent upon 
the intended use. This can be achieved by the formation of a self-assembled 
monolayer or a polymer coating by either physical or chemical means.13   
Silica–polymer hybrid materials are the most prominent inorganic-organic 
core–shell structures investigated.1 The popularity of colloidal silica is owed 
primarily to its widespread use, potential applications and ease of synthesis since 
the introduction of the Stöber method in 1968,21 affording highly monodisperse 
particles of tuneable size ranging between 50 to 2000 nm. Silica nanoparticles find 
use in a diverse range of applications depending on their size, porosity, hardness 
and surface functionality.22 In their unmodified state, silica nanoparticles are 
predominantly used as reinforcing or filler materials in paints and rubbers.23 On 
coating with organic modifiers, silica nanoparticles have emerged as stationary 
chromatography phases,24 as colloidal supports in catalysis,25 automotive, 
electronics, appliances and consumer goods,26 as well as in aerospace and sensor 
industries.27 However, the incorporation of a polymer coating proves the most 
efficient method to alter the surface properties, owing to the much thicker coating 
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which shields the particle surface from the surrounding environment more 
effectively than traditional modifications.28 Indeed, the incorporation of a polymer 
coating facilitates the intelligent design of materials with desired properties. For 
instance, a functional polymer or block copolymer can provide sensitivity towards 
external stimuli such as pH,29 temperature29 or salt concentration,29-31 generating 
so-called “smart” materials. A polymer coating can also bestow improved thermal 
stability,32 biocompatibility,2,14,32 resistance to oxidation,2,17 and stability in a range 
of solvents.14,17 The versatility and multivalency of polymer architectures has seen 
their application to coat a number of inorganic nanomaterials to engineer core–
shell structures with predefined properties. Colloidal silica also presents surface 
hydroxyl groups, a convenient reactive handle that can undergo a diverse range of 
chemistries. This allows the surface properties to be easily tailored by the 
introduction of small molecules or initiating groups to grow polymer chains directly 
from the surface. The many advantages of silica have even motivated its application 
to coat numerous materials.2,33 For example, thin silica coatings are commonly 
applied to noble metals, particularly gold and silver nanoparticles, to reduce the 
bulk conductivity and improve the suspension stability, without interfering in redox 
processes at the surface since silica is chemically inert.2 Silica coatings are also used 
to prevent the aggregation and rapid degradation commonly experienced by 
magnetic nanoparticles in biological systems. Such hybrid materials find 
applications as MRI contrast agents, in magnetic separation of oligonucleotides and 
in magnetically guided site-specific drug delivery.2 Silica, being relatively non-toxic, 
also serves to improve biocompatibility.14 
Traditionally, the main objective of coating colloidal particles was to 
improve the interfacial interactions with a polymer matrix for improved composite 
lifetime and performance.1 It was shown that not only the stability of the materials 
could be improved by the incorporation of a polymer coating, but the mechanical 
and thermal properties of the polymer matrix also improved.1,34-36 While these 
core–shell nanostructures are still predominantly used as fillers with improved 
dispersion in polymer composites, highly defined monodisperse inorganic-organic 
core–shell nanostructures are eliciting growing interest, emerging in a number of 
interesting and advanced technologies.13 Several notable examples are shown in 
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Figure 3.1: (a) Xu et al.37 used silica nanoparticles as a sacrificial template to prepare 
hollow polymeric nanocapsules for use as drug carriers or template nanoreactors to 
fabricate complex composite particles. The authors first coated the sacrificial core 
with a crosslinked layer of polystyrene before dissolving the silica by HF etching. 
(b) Sun et al.38 reported the preparation of “smart” surface coatings that displayed 
tuneable wetting between superhydrophobic and superhydrophilic in response to 
changes in pH by grafting V-shaped block copolymers to a silica core. (c) Ohno and 
coworkers4 have extensively explored the use of polymer coatings to direct the self-
assembly of colloidal silica into ordered arrays known as colloidal crystals. The shell 
size affects the interparticle spacing, and as such these assemblies hold immense 
promise in the preparation of photonic materials with a tuneable band-gap. (d) The 
same group also reported the use of poly(methyl methacrylate)-coated silica 
nanoparticles to form 2D ordered arrays for surface patterning.5 The authors used 
the ordered structure as a template to prepare a patterned poly(dimethylsiloxane) 
elastomer mould for soft lithography. However, this is by no means an exhaustive 
view of the potential applications arising from core–shell structures. The reader is 
referred to a number of comprehensive review articles for a more detailed 
overview of the current status of this research field in terms of synthetic strategies 
employed, applications and future prospects.1-2,13-14,33,39-43  
 
Figure 3.1 Polymer-coated silica nanoparticles have been explored in a variety of applications 
including as (a) templates to hollow polymeric particles for drug delivery,37 as (b) “smart” surface 
coatings displaying reversible switching between superhydrophobic and superhydrophilic 
wetting in response to pH,38 in the preparation of (c) colloidal crystals,4 and surface patterning 
for (d) soft lithography.5 
 
The properties and performance of core–shell structures are strongly 
influenced by the nature and uniformity of the polymer grafts. Accordingly, a high 
level of control over the molecular weight, dispersity, functionality, topology, 
HF 
(a) (b) 
(c) 
(d) 
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architecture and grafting density is essential to engineer a tailored product to 
perform a specific function. It has been well documented for instance, that the 
polymer graft length and grafting density impacts the circulation lifetime44 and 
cytotoxicity32 of administered nanomaterials, as well as the mechanical properties 
in polymer composites.45 As such, significant research efforts have focussed on the 
synthesis of polymer grafts in a controlled fashion to facilitate precise control over 
the core–shell structures, and hence their properties. To achieve this goal, 
techniques including anionic polymerisation, cationic polymerisation, ring opening 
polymerisation (ROP), ring opening metathesis polymerisation (ROMP) and radical 
polymerisation (RP) have been applied to prepare silica–polymer core–shell 
materials.1,33,46 
 
Figure 3.2 Synthetic approaches to prepare polymer coatings can be broadly defined as grafting-
to and grafting-from. The former approach can vary from physical adsorption of polymers 
bearing “sticky” segments (a) or chemically grafting end-functional polymers to complementary 
groups on the substrate surface (b). The latter approach involves growing the polymer directly 
from a surface prefunctionalised with initiating sites (c). 
 
There are several approaches commonly used to prepare polymer coatings. 
They can be broadly defined as grafting-to and grafting-from, and are depicted in 
Figure 3.2. The former approach involves coupling a reactive site on the surface 
with a complementary group on a preformed polymer through physical or chemical 
interactions (Figure 3.2 (a) and (b)). Although considered more straightforward 
synthetically to graft well-defined polymer chains to a surface, there are several 
notable limitations. For instance, as a consequence of steric crowding caused by 
previously attached polymers, high grafting densities are difficult to achieve.1,46 
(a) 
(b) 
(c) 
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Nevertheless, due to the relative simplicity of this approach, several groups have 
reported the functionalisation of silica nanoparticles via this route.22,47-49 The latter 
approach, called grafting-from or surface-initiated polymerisation (SIP) is the 
preferred method, allowing the formation of highly dense polymer brushes. Using 
this approach, the polymer chains are grown directly from initiating sites decorating 
the surface.1,46 
Among the available polymerisation techniques explored, surface-initiated 
controlled/“living” radical polymerisation (SI-CLRP) has proven to be the most 
powerful tool in the preparation of core–shell materials. CLRP techniques allow the 
precise control over the structural parameters of the tethered polymer chains, 
taking advantage of the versatility and chemical tolerance of conventional free 
radical polymerisation. Significant technological developments have emerged since 
the introduction of controlled/“living” radical polymerisation techniques over the 
past 20 years, which afford well-defined polymers with good fidelity of chain-end 
functionality, without the demanding reaction conditions needed for traditional 
living techniques such as ionic polymerisation (which are particularly sensitive to 
impurities including water and oxygen, and require the use of highly pure reagents). 
The “living” chains are then capable of being reinitiated by the addition of a second 
monomer to precisely tune the material properties. While conventional free radical 
polymerisation offers ready access to a broad range of acrylate, methacrylate and 
styrenic polymers and copolymers without the need for vigorous drying or highly 
stringent reaction conditions, more complex architectures and topologies such as 
the formation of a second block by chain extension is not feasible.39,50 The 
application of controlled/“living” radical polymerisation techniques to grow a 
polymer from initiating sites decorating a solid support has proven an effective 
route to prepare well-defined thin polymer films.46 As such, surface-initiated 
controlled/“living” radical polymerisation techniques such as atom transfer living 
radical polymerisation (SI-ATRP),9-10,47,51-73 nitroxide-mediated polymerisation (SI-
NMP)74-76 and reversible addition–fragmentation chain transfer (SI-RAFT)77-80 
polymerisation have become the most prevalent routes to prepare well-defined 
core–shell materials. For a more in-depth understanding of the application of SIP 
techniques to prepare core–shell structures, the reader is referred to a number of 
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comprehensive reviews. Brittain and coworkers,1 presented a comprehensive 
overview of the surface functionalisation of inorganic nanoparticles, specifically 
silica, through surface-initiated polymerisation techniques including conventional 
and controlled radical techniques, ROP, ROMP and ionic polymerisation in terms of 
mechanistic understanding of the different approaches, characterisation techniques 
and the potential applications of the prepared materials. Barbey et al.33 presented a 
detailed review that focused on the preparation of polymer brushes via surface-
initiated controlled/“living” radical polymerisation techniques specifically.  
Among the various techniques available, surface-initiated atom transfer 
living radical polymerisation has by far been the most studied with numerous 
reports published on its application to prepare brushes from particles.40 ATRP finds 
widespread use as a consequence of the superior control, the number of monomers 
amenable to the process and chemical tolerance to a range of impurities including 
water and small amounts of oxygen. It has been applied allowing precise control 
over the particle brush architectures (grafting density, molecular weight, molecular 
weight distribution, connectivity and composition) with a range of monomers 
including styrene (S),51,61 n-butyl acrylate (nBA),54-55 methyl acrylate (MA),61 methyl 
methacrylate (MMA),10,54,59,67-68 tert-butyl acrylate (tBA),61,64 to more functional 
monomers such as styrene sulfonate,56-58,62 under a range of conditions. A detailed 
overview of the recent developments and application of SI-ATRP to prepare well-
defined particle brushes for the preparation of innovative materials including 
detailed synthetic strategies for controlling the structural parameters of grafted 
polymer, and recent research demonstrating the potential in new materials and 
technologies was recently published by Matyjaszewski and coworkers.40  
However, the large concentration of transition metal catalyst (up to 10,000 
ppm) used to mediate a controlled ATRP has prompted renewed research into 
other SI-CLRP techniques including NMP and RAFT which proceed in the absence of 
a catalyst. The cytotoxicity of residual copper hinders the potential application of 
core–shell materials in biomedical devices and drug-delivery systems.32,77  
RAFT has become increasingly popular in both academia and industry in 
recent years to afford well-defined polymeric materials of a pre-determined 
molecular weight with low dispersities owing to the mild reaction conditions, 
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number of amenable monomers and chemical tolerance.77,81-83 Additionally, RAFT is 
more similar to conventional free radical polymerisation allowing the use of 
industrial set-ups with little modification.12 Despite the advantages of  incorporating 
SiNPs into a CLRP polymerisation to elicit greater control over the core–shell 
structure,1,6,77-78,84 it was not until recently that RAFT has been used preferentially 
over other CLRP techniques due to synthetic difficulties in achieving high grafting 
densities of the RAFT agent on the silica surface, and in the preparation of silane-
functionalised RAFT agents to couple directly to silica substrates.1 The attachment 
of a RAFT agent to mediate a controlled surface-initiated polymerisation is 
synthetically more complicated than in ATRP and NMP. Generally, an ethoxysilane 
bearing an appropriate initiating group is fixed to the surface under basic 
conditions, typically ammonia. However, under such harsh basic conditions, RAFT 
agents decompose to a thiol functionality which is not capable of undergoing 
polymerisation. While NMP is advantageous over ATRP, proceeding in the absence 
of a metal catalyst, the number of polymerisable monomers is limited and require 
the use of stable radicals that are not yet commercially available.74 
Recently, Ohno and coworkers77 reported the synthesis of a novel silane-
functionalised RAFT agent via a relatively straightforward approach that enabled a 
grafting density as high as 0.8 trithiocarbonate groups nm–2, thus widening the 
application of SI-RAFT for the functionalisation of silica-based substrates. Since this 
seminal work, which reported the preparation of monodisperse core–shell particles 
with S, MMA, NIPAAm and nBA with grafting densities as high as 0.3 chains nm–2, a 
number of polymeric materials have since been incorporated onto silica by SI-RAFT 
including MA, BA, tBA, solketal acrylate, AA, 6-(acrylamido)hexanoic acid, MAA, 
AAm, NIPAAm, DMA, MAAm, S, 4VP, VBC, NAM, MMA, tBMA, 6-azidohexyl 
methacrylate with grafting densities ranging between 0.093 to 0.8 RAFT groups  
nm–2.22,77,85-92 Ohno and coworkers also reported the preparation of silica–polymer 
core–shell materials using SI-ATRP and SI-NMP, but found that SI-RAFT proved more 
versatile due to the range of polymerisable monomers, lack of catalyst, ease of 
chain-end functionalisation, and high tolerance to functional groups including 
halogens and carboxylic acids not compatible with ATRP systems.32 The application 
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of RAFT to prepare core–shell structures has been extensively reviewed by Moraes 
et al.6  
The properties of a hybrid material are not only dependent upon the 
nature of the polymer (i.e. molecular weight, dispersity, functionality, topology and 
architecture), the effective coverage or ability of the polymer coating to shield the 
core material from the surrounding environment, but also the conformation the 
polymer adopts on the surface.40 De Gennes93 first coined the term polymer brush 
to denote the extended conformation adopted by polymers end-grafted to a solid 
support when grafted at a sufficiently high density. Steric repulsion forces the 
polymers to stretch away from the surface to avoid mutual interference.32 Under 
this so-called concentrated brush regime, it is possible to precisely tailor the height 
of the polymer coating by increasing the polymer chain length, achieving a higher 
degree of control over the hybrid materials properties.3 Below this critical grafting 
density the polymer grafts adopt a collapsed state called a pancake or mushroom 
conformation. These conformations are depicted in Figure 3.3. 
                 
Figure 3.3 Schematic illustration of the conformation adopted by polymers end-tethered to a 
planar surface (a) below and (b) above a critical grafting density. 
 
While precise control over the coating thickness can be effected easily by 
adjusting the polymer chain length when grafted at sufficiently high density from 
planar substrates, the effective graft density decreases dramatically as you move 
away from a spherical surface, as shown schematically in Figure 3.4 (a). 
Consequently, the grafted polymer chains adopt a collapsed conformation. Even a 
dramatic increase in molecular weight does not significantly alter the shell thickness 
as exemplified in Figure 3.4 (b). Since the polymer chains adopt a collapsed state, it 
becomes more challenging to tune the properties of the core–shell structures. The 
impact of grafting density on the shell thickness is demonstrated in the expansion in 
Figure 3.4 (b).  
(a) (b) 
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Figure 3.4 (a) Schematic and (b) graphical representation of the relationship between graft chain 
length and shell thickness in the swollen state in comparison to the collapsed conformation. The 
expansion shows how the effective shell size varies with grafting density, modelled for a PS shell 
(bulk density 1.05 × 10–21 g nm–3) surrounding a spherical core (diameter 130 nm). The grafting 
density varies from 0.0625 (light teal curve), 0.125 (blue curve), 0.25 (green curve), 0.5 (red curve) 
to 1.0 chains nm–2 (black curve). 
 
While controlled/“living” radical polymerisation techniques remain the 
most robust and versatile tool available to prepare hybrid materials with precise 
control over surface functionality due to the number of monomers that can be 
polymerised and copolymerised, the presence of unavoidable termination events 
prevents the formation of ultrahigh molecular weight grafts necessary for precise 
control over the coating thickness which influences characteristics from mechanical 
strength to optical properties. In order to permit the design of advanced materials 
based upon core–shell structures with precisely tuneable properties, the polymer 
chemist demands a new tool capable of yielding ultrahigh molecular weight 
polymers anchored to the surface through covalent bonds at a sufficiently high 
grafting density such that the shell size can be accurately controlled by changing the 
(a) 
(b) 
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molecular weight targeted. To this end, the application of single-electron transfer 
living radical polymerisation (SET-LRP) to grow polymer chains directly from surface-
fixed initiating sites holds great promise.  
SET-LRP offers a unique opportunity to prepare ultrahigh molecular weight 
polymers under ambient conditions.94-96 SET-LRP was first coined in 2006 by Percec 
and coworkers94 as the predominant mechanism for metal-mediated 
polymerisations carried out in the presence of zerovalent metals in polar media 
such as DMSO and alcohols that facilitate the spontaneous disproportion of Cu(I)Br 
to the dominate activating species, Cu(0), and the deactivating species, Cu(II)Br2. 
This proposed self-regulating mechanism facilitates the ultrafast synthesis of 
ultrahigh molecular weight polymers with high fidelity of chain end functionality 
under ambient conditions due to the fast formation of the Cu(II), negating the 
requirement for the deactivator to accumulate through bimolecular coupling.97-100 
Although, recent reports have reported ‘near-perfect’ chain end retention.101-104  
The promising results reported using SET-LRP motivated investigating its 
efficacy to control the structure and properties of inorganic-organic core–shell 
materials. If we are able to harness the reported capabilities of SET-LRP to produce 
ultrahigh molecular weight polymer grafts, we will be able to precisely tune the 
structure and properties of core–shell materials. The high chain-end retention also 
facilitates post polymerisation modification of the end-group including crosslinking, 
formation of block copolymers for drug encapsulation via a template-approach, a 
convenient anchor for covalent attachment to drug molecules or contrast agents for 
medical imaging. The use of a heterogeneous catalytic system to mediate the 
controlled growth from initiating groups anchored to a solid support offers several 
advantages over other CLRP techniques. SET-LRP affords products with lower levels 
of cytotoxic copper salts compared to traditional ATRP techniques in common use. 
In addition, the copper wire is easily removed and recycled, making this technique 
more viable for industrial use.  
Currently, the application of SET-LRP to functionalise silica nanoparticles 
has not been reported. In fact, considering the potential advantages of harnessing 
SET-LRP, very little work has been published to-date acknowledging its application 
to functionalise surfaces with polymer coatings. This may be a consequence of the 
3.1 Introduction 
83 
 
heterogeneous catalyst employed which adds another level of complexity to the 
system. Work to date has focussed predominantly on using SET-LRP to effect 
control over the polymerisation from a variety of macroinitiators including modified 
cellulose,105-106 starch,107 as well as proteins. Although, such surfaces including 
silicon wafers108-109 and cellulose nanowhiskers106 have been functionalised by the 
application of SET-LRP. However, these reports generally used a copper salt 
precursor catalyst rather than zerovalent copper to initiate the polymerisation. 
The controversy surrounding the mechanism of SET-LRP also compounds 
unrealised application. Studies indicate metal-mediated polymerisations performed 
in certain solvents, particularly alcohols and polar aprotic solvents such as DMSO, 
proceed via a SET-LRP mechanism rather than the proposed ATRP mechanism for 
polymerisations performed in the presence of copper salts rather than zerovalent 
metals in wire or powder form. This implies that many systems reported essentially 
employ SET-LRP despite reporting the use of ATRP and its derivatives. Several 
groups report the use of a Cu(I)X/L precursor in a disproportionating solvent. The 
handling of copper salts presents a greater synthetic challenge than zerovalent 
metals. 
This chapter will present a detailed kinetic investigation of the grafting-
from approach of a range of monomers from the surface of initiator-fixed silica 
nanoparticles using single-electron transfer living radical polymerisation to produce 
well-defined core–shell materials with a precisely tuneable shell size. 
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 Experimental 3.2
3.2.1 Materials 
All materials were purchased from Sigma-Aldrich and used as received unless 
otherwise stated. Methyl acrylate (MA, 99 %), tert-butyl acrylate (tBA, 
Fluka, ≥ 98 %) and n-butyl acrylate (nBA, ≥ 99 %) were passed over two short 
columns of MEHQ inhibitor removal packing to remove methylethyl hydroquinone 
immediately prior to use. N-Isopropylacrylamide (NIPAAm, 97 %) was purified by 
recrystallisation from hexane, dried in a vacuum oven at ambient temperature and 
then stored in a freezer. Styrene (S, ≥ 99 %) was passed over a column of activated 
basic alumina to remove the 4-tert-butylcatechol inhibitor prior to use. The free 
initiator, ethyl 2-bromoisobutyrate (EBiB, ≥ 98 %), was used without further 
purification. N,N,N’,N’’,N’’-pentamethyldiethylenetriamine (PMDETA, 99 %) was 
used as received. Hexamethylated tris(2-aminoethyl)amine (Me6TREN) was 
provided by Cheuk Ka Poon (Key Centre for Polymers and Colloids, University of 
Sydney), prepared in accordance with standard literature procedures.110 The {[(2-
bromo-2-methylpropionyl)oxy]propyl}triethoxysilane (BPE) initiator was synthesised 
and coupled to silica nanoparticles (130 nm) by Dr. John Moraes (Key Centre for 
Polymers and Colloids, University of Sydney) in collaboration with A/Prof. Kohji 
Ohno (Institute for Chemical Research, Kyoto University). The silica nanoparticles 
were supplied by Nippon Shokubai Co., Ltd., Osaka, Japan (SEAHOSTER KE-E10, 
average diameter = 130 nm, 20 wt. % suspension in ethylene glycol). Dimethyl 
sulfoxide (DMSO, Ajax Finechem, 99.9 %), N,N-dimethylformamide (DMF, Labscan, 
Peptide Grade), trifluoroethanol (TFE, ≥ 99 %), ethanol (EtOH, Merck, 99.7 %) and 
toluene (Ajax Finechem, 99.9 %) were used as received. Copper(0) wire (1.0 mm 
diameter) was activated using glacial acetic acid (Merck) as outlined in 
Section 3.2.3, according to the procedure outlined by Percec and co-workers.111 
Copper(II) bromide (CuBr2, 99 %) was used as received.  
  
3.2.2 Equipment 
3.2.2.1 1H Nuclear Magnetic Resonance 
Nuclear magnetic resonance (NMR) was used to determine monomer conversions 
and theoretical molecular weights. 1H NMR spectra were recorded on a 200 MHz 
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Bruker AVANCE NMR instrument in deuterated chloroform (CDCl3, 99.8 % D), DMSO 
(DMSO-d6, 99.9 % D), acetone (Acetone-d6, 99.9 % D) or methanol (MeOD, 
99.8 % D). The solvent residual peak was used as an internal reference. 
 
3.2.2.2 Size Exclusion Chromatography 
Size exclusion chromatography (SEC) was used to study the polymerisation kinetics 
and assess the control or “livingness” of the system being studied by monitoring the 
increase in molecular weight with time and the corresponding molecular weight 
distributions. Two systems were used for analysis dependent on polymer solubility 
and are described below. 
THF soluble polymers (i.e. PMA, PnBA, PtBA and PS) were characterised 
using a UFLC Shimadzu LC-20AD prominence liquid chromatograph running LC 
Solutions software and equipped with a SIL-20A HT prominence auto sampler, DGU-
20A3 prominence degasser, Rid-10a Shimadzu RI detector, miniDAWN TREOS Wyatt 
LS detector and a Wyatt ViscoStar-II viscometer. The polymer samples were passed 
through a PLgel 5 µm guard (50 × 7.5 mm, Agilent Technologies), a Jordi Gel DVB 
column (new mixed bed, 104+ Å, 300 × 7.8 mm, Jordi Labs LLC) and a PLgel 5 µL 
Mixed C-column (300 × 7.5 mm, Agilent Technologies) using tetrahydrofuran (THF) 
as eluent containing 0.04 g L–1 hydroquinone at a flow rate of 1.0 mL min–1 at 40 °C. 
Analyte samples were passed over a column of basic alumina to remove residual 
copper salts before being concentrated under reduced pressure and redissolved in 
THF containing 0.04 g L–1 hydroquinone and 0.5 % (v/v) toluene as the flow rate 
marker. Prior to injection, samples were filtered through a PTFE membrane 
(0.45 µm pore size). The molecular weights and molecular weight distributions were 
determined using ASTRA6 software using a conventional calibration against linear 
polystyrene standards ranging from 6.82 × 102 to 1.67 × 106 g mol–1. 
DMF soluble polymers (i.e. PHEA, PNIPAAm) were analysed using a 
Polymer Laboratories GPC-50 instrument equipped with a PL-RI differential 
refractive index detector. The polymer samples were passed through a Polymer 
Laboratories PolarGel 8 μm guard column, and two Polymer Laboratories PolarGel-
M columns using N,N-dimethylformamide (DMF) as eluent containing 0.04 g L–1 
hydroquinone and 0.1 % (w/w) LiBr at a flow rate of 0.5 mL min–1 at 50 °C. Analyte 
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samples were passed over a column of basic alumina, concentrated under reduced 
pressure before being dissolved in DMF containing 0.04 g L–1 hydroquinone, 0.1 % 
(w/w) LiBr and 1.15 % (w/w) water as the flow rate marker. Prior to injection, 
samples were filtered through a PTFE membrane (0.45 µm pore size). The molecular 
weights and molecular weight distributions were determined using CirrusTM GPC 
software by conventional calibration with linear polystyrene standards ranging from 
6.82 × 102 to 1.67 × 106 g mol–1. 
 
3.2.2.3 Thermal Gravimetric Analysis 
Thermal gravimetric analysis (TGA) was used to determine the relative ratio of 
grafted polymer to silica by mass to evaluate the average number of synthetic 
polymers grafted to the silica core or the grafting density. Samples (0.5–10 mg) 
were heated from room temperature to 700 °C at a rate of 10 °C min–1 on a Hi-Res 
TGA 2950 thermogravimetric analyser under a nitrogen atmosphere (60 cm3 min–1). 
The sample was allowed to equilibrate at 100 °C to remove any residual water and 
solvent. The TGA thermograms were adjusted to 100 wt. % at approximately 200 °C 
or when the sample mass stabilised. The sample was then heated to 700 °C under a 
nitrogen atmosphere before the remaining organic material was consumed by the 
introduction of oxygen. The sample was isothermed at 700 °C until constant weight. 
The residual weight percent and degradation temperatures were determined using 
the TA Instruments Universal Analysis 200 software. 
 
3.2.2.4 Dynamic Light Scattering 
Dynamic light scattering (DLS) was used to monitor the growth of the polymer shell 
with increasing monomer conversion of the silica-g-polymer core–shell particles 
and to evaluate the dispersibility of the hybrid materials (i.e. no significant 
aggregation). The particles were purified by repeated centrifugation-dispersion 
cycles into a suitable solvent for the synthetic polymer grafts: chloroform (CHCl3, 
Ajax Finechem, 99.8 %), dichloromethane (DCM, Ajax Finechem, 99.7 %) ethanol 
(EtOH, Merck, 99.7 %), methanol (MeOH, Redox Chemicals, 99 %) or toluene (Ajax 
Finechem, 99.9 %) using a vortex mixer. All dispersants used were filtered prior to 
use through a 0.45 µm PTFE filter to prevent dust contamination. The relative 
particle diameter in comparison to silica was determined using a Malvern Zetasizer 
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Nano-ZS with a He–Ne laser (633 nm) at a fixed scattering angle of 173 °. The mean 
diameter or Z-average size of the core–shell particles was determined from 5 
consecutive measurements after a 120 s equilibration period at the specified 
temperature (20–25 °C). Each measurement resulted from 11 runs, each 10 s in 
duration. For all measurements, a quartz cell with a square aperture and 1.0 cm 
path length was used.  
 
3.2.2.5 Zeta Potential, ζ 
Zeta potential measurements were recorded on a Malvern Instrument Zetasizer 
Nano-ZS. Functionalised silica particles were solvent exchanged to Milli-Q water 
(specific resistivity ca. 18 MΩ·cm) by repeated centrifugation and redispersion by 
vortex mixing from an organic solvent. The pH of the solution was varied by the 
addition of aqueous hydrochloric acid (HCl, 0.1 M, Ajax Finechem) and sodium 
hydroxide (NaOH, 0.1 M). The pH was determined using a thermo scientific orion 
star pH metre calibrated using buffered solutions at pH 10.01, 7.00 and 4.01 
immediately prior to measurements. A folded capillary cell (DTS 1060) was used for 
all measurements. 
 
3.2.2.6 Electron Microscopy 
Electron micrographs were collected via scanning electron microscopy (SEM) or 
transmission electron microscopy (TEM) depending on the simplicity and ease of 
operation, time constraints and instrument availability. Sample grids were prepared 
by coating 400 mesh copper grids with a formvar thin film followed by sputter 
coating with carbon (15 nm thickness) using an Emitech K950X carbon coater. 
Samples were drop cast from dilute dispersions onto the prepared grids and 
allowed to dry for at least 24 h under ambient conditions prior to imaging without 
any further sample preparation. 
Scanning electron micrographs were collected on a Zeiss ULTRA plus 
scanning electron microscope at an accelerating voltage of 30 kV and a working 
distance of ca 3 nm. Images were collected using an SE2 and STEM detector with 
bright field imaging. TEM images were taken on a JEOL JEM-1400 microscope 
operating at 120 kV under dark field regime. Image corrections and data analysis 
were conducted using ImageJ 1.47v software. 
3.2 Experimental 
88 
 
3.2.2.7 Diffuse Reflectance Infrared Fourier Transform Spectroscopy 
DRIFTS spectra were collected using a Bruker Tensor 27 spectrophotometer fitted 
with a diffuse reflectance accessory. The spectra were recorded between 4000 and 
400 cm–1 at a resolution of 4 cm–1 using 32 scans in a KBr matrix. Spectra were 
subjected to a background subtraction using dry KBr. Data collection and 
manipulation was performed using OPUS 6.0 software. All spectra were averaged 
from a set of 3 measurements run in succession. 
 
3.2.3 Activation of Copper(0) Wire using Glacial Acetic Acid 
Typically, a two-necked 50 mL round bottom flask was charged with copper wire (1–
30 cm, 1.0 mm diameter) wrapped around a Teflon coated magnetic stirrer bar 
before being sealed with a rubber septum and a quick-fit glass tap. The reaction 
vessel was then purged with nitrogen before glacial acetic acid (4–10 mL) was 
added via syringe. The flask was then placed in an oil bath preheated to 35 °C and 
allowed to equilibrate for 30 min before the copper wire was released into solution. 
After 10 min, the activated copper wire was removed from the acid by an external 
magnet and the acid removed from the reaction vessel by syringe. The flask was 
then evacuated and back-filled with nitrogen. The copper wire was then dried under 
a nitrogen stream for a further 60 min and stored under nitrogen until use. 
 
3.2.4 Surface-Initiated Single-Electron Transfer Living Radical 
Polymerisation from Bromine-Functionalised Silica Nanoparticles 
In a typical reaction, bromine-functionalised silica nanoparticles (accounting for 1 % 
(w/w) of the total reaction mixture, excluding the zerovalent copper catalyst) was 
collected from EtOH (12.74 % (w/w)) and solvent-exchanged to the appropriate 
solvent by centrifugation and redispersion using a vortex mixer (3 times, 4 min, 
14,500 rpm). The monomer and solvent containing the functionalised particles were 
measured into a 25 mL sample vial. The vial was then sealed with a rubber septum 
to prevent evaporation before the ligand and sacrificial initiator (EBiB) were added 
using a microsyringe. The mixture was then transferred to a 25 mL Schlenk tube 
charged with a magnetic stirrer wrapped with the activated copper(0) wire catalyst 
(1.0 mm diameter), fixed above the solution by an external magnet. The reaction 
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flask was then sealed with a rubber septum and deoxygenated by 5 consecutive 
cycles of freeze-pump-thaw degassing before being back-filled with nitrogen. The 
flask was then placed in a thermostatted oil bath preheated to the appropriate 
temperature and allowed to equilibrate before the catalyst was released into 
solution to initiate the polymerisation. Samples were taken at various intervals by 
syringe for analysis by SEC and 1H NMR for molecular weight distribution and 
percentage conversion respectively. The reaction was carried out similarly in the 
absence of functionalised silica nanoparticles to investigate their impact on the 
reaction mechanism. Due to the very high molecular weights targeted in this 
system, the ligand and initiator may have been introduced into the reaction mixture 
through stock solutions. Detailed experimental procedures for all investigations are 
given in the following section. 
 
Scheme 3.1 General system used to prepare organic–inorganic core–shell materials from an 
initiator-fixed silica core by surface-initiated single-electron transfer living radical polymerisation 
using a copper-based catalytic system with a variety of synthetic monomers in the presence of a 
free initiator, EBiB, omitted for simplicity. 
 
3.2.5 Kinetic Study Investigating the Growth of Poly(methyl acrylate) 
Brushes from Initiator-Fixed Silica Nanoparticles 
The use of a heterogeneous catalytic system exploited by SET-LRP systems to graft 
high molecular weight polymers from a solid-support (SiP-Br) was investigated using 
methyl acrylate (MA) as a model system. The SiP-g-PMA core–shell materials were 
prepared according to the procedure described in Section 3.2.4, the conditions used 
3.2 Experimental 
90 
 
are indicated in Table 3.1. Modifying the ratio of monomer to sacrificial initiator 
allowed the shell thickness to be tuned. Samples were collected by syringe at 
various intervals under nitrogen to monitor the reaction progress. The sampling 
syringe was rinsed with deuterated chloroform for analysis by 1H NMR to determine 
monomer conversion and theoretical molecular weight. The remaining sample was 
diluted with DCM or chloroform and washed by repeated centrifugation-
redispersion cycles (3 times, 14,500 rpm). The supernatant was collected and the 
solvent removed under reduced pressure to collect the free polymer for analysis by 
SEC to determine the molecular weight and molecular weight distribution. In order 
to determine whether the presence of functionalised particles in the reaction 
medium has a significant impact on the polymerisation progress, the reactions were 
performed in the absence and presence of initiator-fixed silica nanoparticles. 
Detailed experimental procedures are given below. Changes in experimental 
procedure were based on equipment availability, reagent quantities and sensitivity 
to oxygen.  
 
3.2.5.1 Grafting MA from SiP-Br, DPn,target 250 
MA (2.0 mL, 22 mmol) and DMSO (1.5 mL) were measured into a 25 mL sample vial. 
The vial was then sealed with a rubber septum before ligand (Me6TREN, 2.4 µL, 
8.98 × 10–3 mmol) and initiator (EBiB, 13.2 µL, 8.90 × 10–2 mmol) were added using a 
microsyringe. The mixture was then transferred to a 25 mL Schlenk tube charged 
with a magnetic stirrer wrapped with the copper(0) wire catalyst (1.5 cm, 1.0 mm 
diameter) fixed above the solution by an external magnet. The flask was then sealed 
with a rubber septum and deoxygenated by 5 consecutive cycles of freeze-pump-
thaw degassing before being back-filled with nitrogen. The flask was then placed in 
a thermostatted oil bath preheated to 30 °C for 5 min before the catalyst was 
released into solution to initiate the polymerisation.  
 
Scheme 3.2 SET-LRP of MA initiated with EBiB and catalysed by a Cu(0) wire/Me6TREN 
catalytic system in DMSO at 30 °C. 
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Functionalised silica nanoparticles were solvent exchanged from EtOH to DMSO 
(3 times, 6 min, 14,500 rpm). MA (2.0 mL, 22 mmol) and DMSO (1.5 mL) containing 
the bromine-functionalised silica nanoparticles (37.5 mg) were measured into a 
25 mL sample vial. The vial was then sealed with a rubber septum before ligand 
(Me6TREN, 2.4 µL, 8.98 × 10
–3 mmol) and initiator (EBiB, 13.2 µL, 8.90 × 10–2 mmol) 
were added using a microsyringe. The mixture was then transferred to a 25 mL 
Schlenk tube charged with a magnetic stirrer wrapped with the copper(0) wire 
catalyst (1.5 cm, 1.0 mm diameter) fixed above the solution by an external magnet. 
The flask was then sealed with a rubber septum and deoxygenated by 5 consecutive 
cycles of freeze-pump-thaw degassing before being back-filled with nitrogen. The 
flask was then placed in a thermostatted oil bath preheated to 30 °C for 5 min 
before the catalyst was released into solution to initiate the polymerisation.  
 
Scheme 3.3 Grafting MA from bromine-functionalised silica nanoparticles by SET-LRP, 
catalysed by a Cu(0) wire/Me6TREN catalytic system in DMSO at 30 °C. 
 
3.2.5.2 Grafting MA from SiP-Br, DPn,target 500 - Concentrated Regime 
A 0.185 % (w/w) stock solution of Me6TREN in DMSO was prepared. MA (4.0 mL, 
44 mmol) and the stock solution solvent (DMSO, 2.0 mL) containing the ligand 
(Me6TREN, 4.1 mg, 1.8 × 10
–2 mmol) were then measured into a 25 mL sample vial. 
The mixture was then transferred to a 25 mL Schlenk tube charged with the 
magnetic stirrer and copper(0) wire which were kept out of the mixture using an 
external magnet. The flask was then sealed with a rubber septum and the initiator 
(EBiB, 13 l, 8.8 × 10–2 mmol) added using a 50 l syringe. The reaction mixture was 
then degassed by 5 cycles of freeze-pump-thaw degassing before being back-filled 
with nitrogen. The reaction flask was then placed in a water bath at 30 °C for 30 min 
before the catalyst was dropped into solution to initiate the polymerisation.  
 
Scheme 3.4 SET-LRP of MA initiated with EBiB and catalysed by a Cu(0) wire/Me6TREN 
catalytic system in DMSO at 30 °C. 
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The functionalised silica nanoparticles were solvent exchanged from EtOH to DMSO 
(3 times, 4 min, 14,500 rpm). A 0.362 % (w/w) stock solution of Me6TREN in DMSO 
was prepared. MA (4.0 mL, 44 mmol), the stock solution solvent (DMSO, 1.0 mL) 
containing the ligand (Me6TREN, 4.0 mg, 1.7 × 10
–2 mmol) and functionalised silica 
particles (0.061 g) in DMSO (1.0 mL) were then measured into a 25 mL Schlenk tube 
charged with the magnetic stirrer and copper(0) wire (10.0 cm, 1.0 mm diameter) 
which were kept out of the mixture using an external magnet. The flask was then 
sealed with a rubber septum and the reaction mixture degassed by 5 cycles of 
freeze-pump-thaw degassing before being back-filled with nitrogen and placed in a 
pre-heated thermostatted oil bath at 30 °C. After 30 min, the initiator (EBiB, 13 l, 
8.8 × 10–2 mmol) was added by syringe under nitrogen and the copper(0) wire 
dropped into the solution to initiate the polymerisation.  
 
Scheme 3.5 Grafting MA from bromine-functionalised silica nanoparticles by SET-LRP, 
catalysed by a Cu(0) wire/Me6TREN catalytic system in DMSO at 30 °C. 
 
3.2.5.3 Grafting MA from SiP-Br, DPn,target 500 - Dilute Regime 
MA (2.0 mL, 22 mmol) and DMSO (1.5 mL) were measured into a 25 mL sample vial. 
The vial was then sealed with a rubber septum before ligand (Me6TREN, 2.4 µL, 
8.98 × 10–3 mmol) and initiator (EBiB, 6.6 µL, 4.45 × 10–2 mmol) were added using a 
microsyringe. The mixture was then transferred to a 25 mL Schlenk tube charged 
with a magnetic stirrer wrapped with the copper(0) wire catalyst (5 cm, 1.0 mm 
diameter) fixed above the solution by an external magnet. The flask was then sealed 
with a rubber septum and deoxygenated by 5 consecutive cycles of freeze-pump-
thaw degassing before being back-filled with nitrogen. The flask was then placed in 
a thermostatted oil bath preheated to 30 °C for 5 min before the catalyst was 
released into solution to initiate the polymerisation.  
 
Scheme 3.6 SET-LRP of MA initiated with EBiB and catalysed by a Cu(0) wire/Me6TREN 
catalytic system in DMSO at 30 °C. 
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Functionalised SiNPs were solvent exchanged from EtOH to DMSO (3 times, 4 min, 
14,500 rpm). MA (2.0 mL, 22 mmol) and DMSO (1.5 mL) containing the 
functionalised SiNPs (36.1 mg) were measured into a 25 mL sample vial. The vial 
was then sealed with a rubber septum before Me6TREN (2.4 µL, 8.98 × 10
–3 mmol) 
and EBiB (6.6 µL, 4.45 × 10–2 mmol) were added using a microsyringe. The mixture 
was then transferred to a 25 mL Schlenk tube charged with a magnetic stirrer 
wrapped with the copper(0) wire catalyst (5 cm, 1 mm diameter) fixed above the 
solution by an external magnet. The flask was then sealed with a rubber septum 
and deoxygenated by 5 consecutive cycles of freeze-pump-thaw degassing before 
being back-filled with nitrogen. The flask was then placed in a thermostatted oil 
bath at 30 °C for 5 min before the catalyst was released to initiate the 
polymerisation.  
 
Scheme 3.7 Grafting MA from bromine-functionalised silica nanoparticles by SET-LRP, 
catalysed by a Cu(0) wire/Me6TREN catalytic system in DMSO at 30 °C. 
 
3.2.5.4 Grafting MA from SiP-Br, DPn,target 1000 
MA (4.0 mL, 44 mmol) and DMSO (2.7 mL) were measured into a 25 mL sample vial, 
before being transferred to a 25 mL Schlenk tube charged with the magnetic stirrer 
and copper(0) wire (6 cm, 1 mm diameter) which were kept out of the mixture 
using an external magnet. The reaction mixture was then degassed by 2 cycles of 
freeze-pump-thaw degassing before being back-filled with nitrogen and the stock 
solution solvent (DMSO, 100 l) containing the initiator (EBiB, 6.60 l, 4.45 × 10–
2 mmol) and ligand (Me6TREN, 2.0 mg, 8.7 × 10
–3 mmol) was added using a 100 l 
syringe. The reaction mixture was then degassed again via freeze-pump-thaw 
degassing. The reaction flask was then placed in a water bath at 30 °C for 30 min 
before the catalyst was dropped into solution to initiate the polymerisation.  
 
Scheme 3.8 SET-LRP of MA initiated with EBiB and catalysed by a Cu(0) wire/Me6TREN 
catalytic system in DMSO at 30 °C. 
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A 1 mL stock solution of initiator (EBiB, 66 l) and ligand (Me6TREN, 20 mg) in 
solvent (DMSO) was prepared in a volumetric flask. Functionalised silica 
nanoparticles (83.3 mg) solvent exchanged from EtOH to DMSO (3 times, 4 min, 
14,500 rpm) and MA (4.0 mL, 44 mmol) were measured into a 20 mL sample vial 
before being transferred to a 20 mL Schlenk flack charged with the copper(0) wire 
catalyst (6.0 cm, 1.0 mm diameter) wrapped around a magnetic stirrer bar. The 
copper catalyst was kept above the solution by an external magnet. The flask was 
then sealed with a rubber septum before the addition of 100 µL of the stock 
solution containing initiator (EBiB, 6.6 µL, 4.5 × 10–2 mmol) and ligand (Me6TREN, 
2.3 µL, 8.7 × 10–3 mmol) in DMSO. The total volume of solvent (DMSO) added was 
4.0 mL. The reaction mixture was then deoxygenated by 3 consecutive cycles of 
freeze-pump-thaw degassing. The reaction flask was then placed in a water bath at 
30 °C for 30 min before the catalyst was dropped into solution to initiate the 
polymerisation.  
 
Scheme 3.9 Grafting MA from bromine-functionalised silica nanoparticles by SET-LRP, 
catalysed by a Cu(0) wire/Me6TREN catalytic system in DMSO at 30 °C. 
 
3.2.6 Kinetic Study Investigating the Growth of Poly(tert-butyl acrylate) 
Brushes from Initiator-fixed Silica Nanoparticles 
The SiP-g-PtBA core–shell materials were prepared according to the procedure 
described in Section 3.2.4, the conditions used are indicated in Table 3.2. Samples 
were collected by syringe at various intervals under nitrogen to monitor the 
reaction progress. The sampling syringe was rinsed with deuterated chloroform for 
analysis by 1H NMR to determine monomer conversion and theoretical molecular 
weight. The remaining sample was diluted with DCM and washed by repeated 
centrifugation-redispersion cycles (3 times, 14,500 rpm). The supernatant was 
collected and the solvent removed under reduced pressure to collect the free 
polymer for analysis by SEC to determine the molecular weight and molecular 
weight distribution. Detailed experimental procedures are given below. 
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3.2.6.1 Grafting tBA from SiP-Br, DPn,target 250 at 30 °C 
tBA (4.0 mL, 28 mmol) and TFE (2.0 mL) were measured into a 25 mL sample vial. 
The vial was then sealed with a rubber septum before Me6TREN (2.9 µL, 1.1 × 10
–2 
mmol) and EBiB (16.3 µL, 1.1 × 10–1 mmol) were added using a microsyringe. The 
mixture was then transferred to a 25 mL Schlenk tube charged with a magnetic 
stirrer wrapped with the copper(0) wire catalyst (3.0 cm, 1.0 mm diameter, 0.22 g) 
fixed above the solution by an external magnet. The flask was then sealed with a 
rubber septum and deoxygenated by 3 consecutive cycles of freeze-pump-thaw 
degassing before being back-filled with nitrogen. The flask was then placed in a 
preheated oil bath at 30 °C and allowed to equilibrate for 10 min before the catalyst 
was released into solution to initiate the polymerisation.  
 
Scheme 3.10 SET-LRP of tBA initiated with EBiB and employing a Cu(0) wire/Me6TREN 
catalytic system in TFE at 30 °C. 
 
Functionalised SiNPs were solvent exchanged from EtOH to TFE (3 times, 4 min, 
14,500 rpm). tBA (4.0 mL, 28 mmol) and TFE (2.0 mL) containing the functionalised 
SiNPs (62.7 mg) were measured into a 25 mL sample vial. The vial was then sealed 
with a rubber septum before Me6TREN (2.9 µL, 1.1 × 10
–2 mmol) and EBiB (16.3 µL, 
1.1 × 10–1 mmol) were added using a microsyringe. The mixture was then 
transferred to a 25 mL Schlenk tube charged with a magnetic stirrer wrapped with 
copper(0) wire (3.0 cm, 1.0 mm diameter). The flask was then sealed with a rubber 
septum and deoxygenated by 3 consecutive cycles of freeze-pump-thaw degassing 
before being back-filled with nitrogen. The flask was then placed in a preheated oil 
bath at 30 °C and allowed to equilibrate for 10 min before the catalyst was released 
to initiate the polymerisation.  
 
Scheme 3.11 Grafting tBA from bromine-functionalised silica nanoparticles by SET-LRP in the 
presence of a Cu(0) wire/Me6TREN catalytic system in TFE at 30 °C. 
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3.2.6.2 Grafting tBA from SiP-Br, DPn,target 250 at 50 °C 
tBA (4.0 mL, 28 mmol) and TFE (2.0 mL) were measured into a 25 mL sample vial. 
The vial was then sealed with a rubber septum before Me6TREN (2.9 µL, 1.1 × 10
–2 
mmol) and EBiB (16.3 µL, 1.1 × 10–1 mmol) were added using a microsyringe. The 
mixture was then transferred to a 25 mL Schlenk tube charged with a magnetic 
stirrer wrapped with the copper(0) wire catalyst (3.0 cm, 1.0 mm diameter). The 
flask was then sealed with a rubber septum and deoxygenated by 5 consecutive 
cycles of freeze-pump-thaw degassing before being back-filled with nitrogen. The 
flask was then placed in a preheated oil bath at 50 °C and allowed to equilibrate for 
10 min before the copper wire catalyst was released to initiate the polymerisation.  
 
Scheme 3.12 SET-LRP of tBA initiated with EBiB and employing a Cu(0) wire/Me6TREN 
catalytic system in TFE at 50 °C. 
 
Functionalised SiNPs were solvent exchanged from EtOH to TFE (3 times, 4 min, 
14,500 rpm). tBA (4.0 mL, 28 mmol) and TFE (2.0 mL) containing the bromine-
functionalised SiNPs (64.1 mg) were measured into a 25 mL sample vial. The vial 
was then sealed with a rubber septum before Me6TREN (2.9 µL, 1.1 × 10
–2 mmol) 
and EBiB (16.3 µL, 1.1 × 10–1 mmol) were added using a microsyringe. The mixture 
was then transferred to a 25 mL Schlenk tube charged with a magnetic stirrer 
wrapped with the copper(0) wire catalyst (3.0 cm, 1.0 mm diameter) fixed above 
the solution by an external magnet. The flask was then sealed with a rubber septum 
and deoxygenated by 5 consecutive cycles of freeze-pump-thaw degassing before 
being back-filled with nitrogen. The flask was then placed in a preheated oil bath at 
50 °C and allowed to equilibrate for 10 min before the copper wire catalyst was 
released to initiate the polymerisation.  
 
Scheme 3.13 Grafting tBA from bromine-functionalised silica nanoparticles by SET-LRP in the 
presence of a Cu(0) wire/Me6TREN catalytic system in TFE at 50 °C. 
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3.2.6.3 Grafting tBA from SiP-Br, DPn,target 370 at 50 °C 
tBA (4.0 mL, 28 mmol) and TFE (2.0 mL) were measured into a 25 mL sample vial. 
The vial was then sealed with a rubber septum before Me6TREN (6.6 µL, 2.5 × 10
–2 
mmol) and EBiB (11 µL, 7.4 × 10–2 mmol) were added using a microsyringe. The 
mixture was then transferred to a 25 mL Schlenk tube charged with a magnetic 
stirrer wrapped with the copper(0) wire catalyst (6.0 cm, 1.0 mm diameter). The 
flask was then sealed with a rubber septum and deoxygenated by 5 consecutive 
cycles of freeze-pump-thaw degassing, back-filling with nitrogen before each 
thawing cycle. The flask was then placed under argon before being placed in a 
preheated oil bath at 50 °C and the catalyst released to initiate the polymerisation.  
 
Scheme 3.14 SET-LRP of tBA initiated with EBiB and employing a Cu(0) wire/Me6TREN 
catalytic system in TFE at 50 °C. 
 
Functionalised SiNPs were solvent exchanged from EtOH to TFE (3 times, 4 min, 
14,500 rpm). tBA (4.0 mL, 28 mmol) and TFE (2.0 mL) containing the bromine-
functionalised SiNPs (57.3 mg) were measured into a 25 mL sample vial. The vial 
was then sealed with a rubber septum before ligand (Me6TREN, 6.6 µL, 2.5 ×
10–2 mmol) and initiator (EBiB, 11 µL, 7.4 × 10–2 mmol) were added using a 
microsyringe. The mixture was then transferred to a 25 mL Schlenk tube charged 
with a magnetic stirrer wrapped with the copper(0) wire catalyst (0.43 g, 6.0 cm, 
1.0 mm diameter) fixed above the solution by an external magnet. The flask was 
then sealed with a rubber septum and deoxygenated by 5 consecutive cycles of 
freeze-pump-thaw degassing, back-filling with nitrogen before each thawing cycle. 
The flask was then placed under argon before being placed in a preheated oil bath 
at 50 °C. The catalyst was then released into solution to initiate the polymerisation.  
 
Scheme 3.15 Grafting tBA from bromine-functionalised silica nanoparticles by SET-LRP in the 
presence of a Cu(0) wire/Me6TREN catalytic system in TFE at 50 °C. 
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3.2.6.4 Grafting tBA from SiP-Br, DPn,target 745 at 50 °C 
tBA (4.0 mL, 28 mmol) and TFE (2.0 mL) were measured into a 25 mL sample vial. 
The vial was then sealed with a rubber septum before Me6TREN (8.3 µL, 3.1 × 10
–2 
mmol) and EBiB (5.5 µL, 3.7 × 10–2 mmol) were added using a microsyringe. The 
mixture was then transferred to a 25 mL Schlenk tube charged with a magnetic 
stirrer wrapped with the copper(0) wire catalyst (4.0 cm, 1.0 mm diameter). The 
flask was then sealed with a rubber septum and deoxygenated by 5 consecutive 
cycles of freeze-pump-thaw degassing, back-filling with nitrogen before each 
thawing cycle. The flask was then placed under argon before being placed in a 
preheated oil bath at 50 °C and the catalyst released to initiate the polymerisation.  
 
Scheme 3.16 SET-LRP of tBA initiated with EBiB and employing a Cu(0) wire/Me6TREN 
catalytic system in TFE at 50 °C. 
 
Functionalised SiNPs were solvent exchanged from EtOH to TFE (3 times, 4 min, 
14,500 rpm). tBA (4.0 mL, 28 mmol) and TFE (2.0 mL) containing the bromine-
functionalised SiNPs (63.8 mg) were measured into a 25 mL sample vial. The vial 
was then sealed with a rubber septum before ligand (Me6TREN, 8.3 µL, 3.1 × 10
–2 
mmol) and initiator (EBiB, 5.5 µL, 3.7 × 10–2 mmol) were added using a 
microsyringe. The mixture was then transferred to a 25 mL Schlenk tube charged 
with a magnetic stirrer wrapped with the copper(0) wire catalyst (4.0 cm, 1.0 mm 
diameter) fixed above the solution by an external magnet. The flask was then sealed 
with a rubber septum and deoxygenated by 5 consecutive cycles of freeze-pump-
thaw degassing, back-filling with nitrogen before each thawing cycle. The flask was 
then placed under argon before being placed in a preheated oil bath at 50 °C. The 
catalyst was then released into solution to initiate the polymerisation.  
 
Scheme 3.17 Grafting tBA from bromine-functionalised silica nanoparticles by SET-LRP in the 
presence of a Cu(0) wire/Me6TREN catalytic system in TFE at 50 °C. 
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3.2.7 Exploring the Versatility of SET-LRP to Prepare Silica–Polymer 
Hybrid Materials  
3.2.7.1 Grafting n-Butyl Acrylate (nBA) from SiP-Br, DPn,target 250 
The conditions used are indicated in Table 3.3, Entry 1. Briefly, the functionalised 
silica nanoparticles were solvent exchanged from EtOH to DMSO (3 times, 5 min, 
14,500 rpm). BA (2.0 mL, 14 mmol) and DMSO (1.5 mL) containing the bromine-
functionalised silica nanoparticles (34.9 mg) were measured into a 25 mL sample 
vial. The vial was then sealed with a rubber septum before ligand (Me6TREN, 1.5 µL, 
5.6 × 10–3 mmol) and initiator (EBiB, 8.3 µL, 5.6 × 10–2 mmol) were added using a 
microsyringe. The mixture was then transferred to a 25 mL Schlenk tube charged 
with a magnetic stirrer wrapped with the copper(0) wire catalyst (1.5 cm, 1.0 mm 
diameter) fixed above the solution by an external magnet. The flask was then sealed 
with a glass stopper and deoxygenated by 5 consecutive cycles of freeze-pump-
thaw degassing before being back-filled with nitrogen. The flask was then placed in 
a thermostatted oil bath preheated to 30 °C for 5 min before the catalyst was 
released into solution to initiate the polymerisation. The polymerisation was 
quenched by exposure to air after 24 h. An aliquot was removed and dissolved in 
deuterated chloroform for analysis by 1H NMR to determine monomer conversion 
and theoretical molecular weight. The remaining sample was diluted with DCM and 
washed by repeated centrifugation-redispersion cycles (3 times, 14,500 rpm). The 
supernatant was collected and the solvent removed under reduced pressure to 
collect the free polymer for analysis by SEC to determine the molecular weight and 
molecular weight distribution. SEC (THF, 1 mL min–1, 40 °C): Mn,SEC = 20,600 g mol
–1, 
Mw,SEC = 21,800 g mol
–1, Đ = 1.06. %CNMR  = 49 %, Mn,th = 16,000 g mol
–1, DPn,th = 123. 
DRIFTS (cm–1, KBr Matrix): 3659, 3269, 2961, 2877, 1736, 1463, 1108, 952, 807, 553, 
468, 460. 
 
Scheme 3.18 Grafting nBA from bromine-functionalised silica nanoparticles by SET-LRP in the 
presence of a Cu(0) wire/Me6TREN catalytic system in DMSO at 30 °C. 
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3.2.7.2 Grafting N-Isopropylacrylamide (NIPAAm) from SiP-Br, DPn,target 250  
SiP-g-PNIPAAm was prepared according to the procedure described in Section 3.2.4. 
The conditions used are indicated in Table 3.3, Entry 2. Briefly, N-
isopropylacrylamide (2.0 g, 18 mmol) and EtOH (3.0 mL) containing the bromine-
functionalised silica nanoparticles (44.1 mg) were measured into a 25 mL sample 
vial. The vial was then sealed with a rubber septum before ligand (PMDETA, 3.7 µL, 
1.8 × 10–2 mmol) and initiator (EBiB, 10 µL, 6.7 × 10–2 mmol) were added using a 
microsyringe. The mixture was then transferred to a 25 mL Schlenk tube charged 
with a magnetic stirrer wrapped with the copper(0) wire catalyst (3.0 cm, 1.0 mm 
diameter, 0.22 g) fixed above the solution by an external magnet. The flask was 
then sealed with a glass stopper and deoxygenated by 5 consecutive cycles of 
freeze-pump-thaw degassing before being back-filled with nitrogen. The flask was 
then placed in a thermostatted oil bath preheated to 30 °C for 5 min before the 
catalyst was released into solution to initiate the polymerisation. The 
polymerisation was quenched by exposure to air after 24 h. An aliquot was 
removed, dried under ambient conditions and then dissolved in deuterated 
chloroform for analysis by 1H NMR to determine monomer conversion and 
theoretical molecular weight. The remaining sample was diluted with EtOH and 
washed by repeated centrifugation-redispersion cycles (3 times, 14,500 rpm). The 
supernatant was collected and the solvent removed under reduced pressure to 
collect the free polymer for analysis by SEC to determine the molecular weight and 
molecular weight distribution. SEC (DMF, 0.5 mL min–1, 50 °C): Mn,SEC 
= 39,000 g mol–1, Mw,SEC = 111,000 g mol
–1, Đ = 2.8. %CNMR = 20 %, Mn,th = 6100 g 
mol–1, DPn,th = 52. DRIFTS (cm
–1, KBr Matrix): 3271, 2976, 2933, 2876, 1868, 1652, 
1542, 1458, 1367, 1151, 1105, 948, 801, 553, 465. 
 
Scheme 3.19 Grafting NIPAAm from bromine-functionalised silica nanoparticles by SET-LRP in 
the presence of a Cu(0) wire/PMDETA catalytic system in EtOH at 30 °C. 
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3.2.7.3 Grafting Styrene (S) from SiP-Br, targeting a DPn,target 250 
SiP-g-PS was prepared according to the procedure described in Section 3.2.4. The 
conditions used are indicated in Table 3.3, Entry 3. Briefly, the functionalised silica 
nanoparticles were solvent exchanged from EtOH to toluene (3 times, 5 min, 
14.5 × 103 rpm). Styrene (4.4 mL, 38 mmol) and toluene (2.2 mL) containing the 
bromine-functionalised silica nanoparticles (62.4 mg) were measured into a 25 mL 
sample vial containing CuBr2 (3.3 mg, 1.5 × 10
–2 mmol). The vial was then sealed 
with a rubber septum before ligand (PMDETA, 11.2 µL, 5.4 × 10–2 mmol) and 
initiator (EBiB, 22.8 µL, 1.5 × 10–1 mmol) were added using a microsyringe. The 
mixture was then transferred to a 25 mL Schlenk tube charged with a magnetic 
stirrer. The flask was then sealed with a glass quick-fit tap and deoxygenated by 5 
consecutive cycles of freeze-pump-thaw degassing before being back-filled with 
nitrogen. The flask was then placed in a thermostatted preheated oil bath at 90 °C 
before the copper(0) wire (1 cm, 1.0 mm diameter, 0.08 g) was dropped into 
solution to initiate the polymerisation under nitrogen. The polymerisation was 
quenched by exposure to air after 24 h. An aliquot was removed and dissolved in 
deuterated chloroform for analysis by 1H NMR to determine monomer conversion 
and theoretical molecular weight. The remaining sample was diluted with toluene 
and washed by repeated centrifugation-redispersion cycles (3 times, 14,500 rpm) 
assisted by sonication, followed by washing with THF (3 times, 14,500 rpm). The 
supernatant was collected and the solvent removed under reduced pressure to 
collect the free polymer for analysis by SEC to determine the molecular weight and 
molecular weight distribution. SEC (THF, 1 mL min–1, 40 °C): Mn,SEC = 19,100 g mol
–1, 
Mw,SEC = 20,900 g mol
–1, Đ = 1.1. %CNMR = 67 %, Mn,th = 17,800 g mol
–1, DPn,th = 169. 
DRIFTS (cm–1, KBr Matrix): 3651, 3239, 2926, 1868, 1493, 1453, 1109, 949, 800, 699, 
545, 470. 
 
Scheme 3.20 Grafting styrene from bromine-functionalised silica nanoparticles by Cu(0)-
mediated LRP in the presence of a Cu(0) wire/PMDETA catalytic system in toluene at 90 °C.  
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Table 3.1 Stoichiometric ratio of reagents and quantities used to investigate the polymerisation of MA in the absence and presence of SiP-Br by SET-LRP in 
DMSO targeting chain lengths ranging between 250 to 1000 monomer units.  
 
 
 
 
 
 
Table 3.2 Stoichiometric ratio of reagents and quantities used to investigate the polymerisation of tBA in the absence and presence of SiP-Br by SET-LRP in 
TFE targeting chain lengths ranging between 250 to 750 monomer units. 
 
 
 
 
Cu(0) SiP-Br
[M] : [I] : [L] M : S (mL) (mmol) (µL) (mmol) (µL) (mmol) (mL) (mmol) (cm) (mg)
i 250 : 1.00 : 0.10 2 : 1.5 2.01 22.3 13.2 0.0890 2.4 0.0090 1.50 21.2 1.5 ---
ii 249 : 1.00 : 0.10 2 : 1.5 2.00 22.2 13.2 0.0890 2.4 0.0090 1.50 21.2 1.5 37.5
i 507 : 1.00 : 0.20 2 : 1 4.00 44.4 13.0 0.0876 4.7 0.018 2.00 28.1 10.0 ---
ii 506 : 1.00 : 0.20 2 : 1 4.00 44.4 13.0 0.0876 4.6 0.017 2.00 28.2 10.0 61
i 499 : 1.00 : 0.20 2 : 1.5 2.00 22.2 6.6 0.044 2.4 0.0090 1.50 21.1 5.0 ---
ii 499 : 1.00 : 0.20 2 : 1.5 2.00 22.2 6.6 0.044 2.4 0.0090 1.50 21.1 5.0 36.1
i 998 : 1.00 : 0.19 1 : 1 4.00 44.4 6.6 0.044 2.3 0.0086 2.76 38.8 6.0 ---
ii 997 : 1.00 : 0.19 1 : 1 4.00 44.4 6.6 0.044 2.3 0.0086 4.01 56.5 6.0 83.3
MA EBiB Me6TREN DMSO
3
30
2
Molar Ratio Dilution T  
(°C)ENTRY
1
30
30
4 30
Cu(0) SiP-Br
[M] : [I] : [L] M : S (mL) (mmol) (µL) (mmol) (µL) (mmol) (mL) (mmol) (cm) (mg)
i 251 : 1.00 : 0.10 2 : 1 4.00 27.6 16.3 0.110 2.9 0.011 2.00 27.4 3.0 ---
ii 252 : 1.00 : 0.10 2 : 1 4.02 27.7 16.3 0.110 2.9 0.011 2.00 27.4 3.0 62.7
i 252 : 1.00 : 0.10 2 : 1 4.01 27.7 16.3 0.110 2.9 0.011 2.00 27.5 3.0 ---
ii 251 : 1.00 : 0.10 2 : 1 4.00 27.6 16.3 0.110 2.9 0.011 2.00 27.4 3.0 64.1
i 372 : 1.00 : 0.33 2 : 1 4.00 27.6 11.0 0.0742 6.6 0.025 2.00 27.4 6.0 ---
ii 372 : 1.00 : 0.33 2 : 1 4.00 27.6 11.0 0.0742 6.6 0.025 2.00 27.5 6.0 62.7
i 743 : 1.00 : 0.84 2 : 1 4.00 27.6 5.5 0.037 8.3 0.031 2.00 27.4 4.0 ---
ii 744 : 1.00 : 0.84 2 : 1 4.00 27.6 5.5 0.037 8.3 0.031 2.00 27.5 4.0 57.3
50
50
4
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2 50
1
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Table 3.3 Stoichiometric ratio of reagents and quantities used to graft various vinyl monomers from SiP-Br by SET-LRP targeting a DPn of 250 monomer units. 
 
 
Catalyst SiP-Br
Monomer Ligand Solvent [M] : [I] : [L] : [CuBr2] M : S (mL) (mmol) (µL) (mmol) (µL) (mmol) (mL) (mmol) (cm) (mg)
1 nBA Me6TREN DMSO 253 : 1.00 : 0.10 : 0.00 2 : 1.5 30 2.03 14.2 8.3 0.056 1.5 0.0056 1.50 21.1 1.5 34.9
2 NIPAAm PMDETA EtOH 262 : 1.00 : 0.26 : 0.00 2 : 3 30 --- 17.7 10.0 0.0674 3.7 0.018 3.00 51.4 3.0 44.1
3 Styrene PMDETA Toluene 251 : 1.00 : 0.35 : 0.10 2 : 1 90 4.45 38.5 22.8 0.154 11.2 0.0536 2.22 20.9 1.0 62.4
ENTRY
Initiator Ligand SolventReagents Molar Ratio Dilution T  
(°C)
Monomer
3.2  Experimental 
104 
 
3.2.7.4 Hydrolysis of SiP-g-PtBA to SiP-g-PAA 
A fifty-fold molar excess with respect to tert-butyl ester groups of trifluoroacetic 
acid (TFA, 0.23 g, 0.21 mmol) was added to a dispersion containing SiP-g-PtBA (16 
mg, 4.2 × 10–2 mmol tert-butyl ester) in DCM (4.1 g). The reaction mixture was then 
left at ambient temperature with vigorous stirring for 24 h. The reaction mixture 
was diluted with methanol and the material washed by repeated centrifugation-
redispersion into methanol (3 times, 14,500 rpm, 10 min). Mn,th = 11500 g mol
–1, 
DPn,th = 157. DRIFTS (cm
–1, KBr Matrix): 3652, 3274, 3041, 2979, 2939, 2564, 1970, 
1870, 1720, 1708, 1459, 1449, 1421, 1393, 1369, 1146, 1106, 952, 797, 749, 472, 
464, 450, 421. 
 
Scheme 3.21 Preparation of water-dispersible core–shell materials by hydrolysis of the poly(tert-
butyl acrylate) grafted polymer to poly(acrylic acid) using TFA. 
 
3.2.8 Building Up Shell Size by Successive Chain Extensions  
Using identical reaction conditions and stoichiometric ratios described in 
Section 3.2.5.4, PMA was grown from the initiator-fixed particles targeting a DPn of 
1000 monomer units. After 130 min, the polymerisation was quenched by exposure 
to air and dilution with DCM (51 % conversion by 1H NMR). The PMA-grafted 
particles were then washed by repeated centrifugation-redispersion cycles (3 times, 
14,500 rpm, 10 min) and redispersed in DMSO (4.0 mL) for subsequent chain 
extension. To the PMA-grafted silica nanoparticles, MA (4.0 mL, 44 mmol), ligand 
(Me6TREN, 2.3 μL, 8.6 × 10
–3 mmol) and sacrificial initiator (EBiB, 6.6 μL, 4.4 × 10–
2 mmol) was added. The reaction mixture was then transferred to a 25 mL Schlenk 
tube charged with the activated copper(0) wire catalyst (6 cm, 1.0 mm diameter) 
wrapped around a magnetic stirrer before being sealed with a rubber septum. The 
reaction mixture was then deoxygenated by 5 consecutive cycles of freeze-pump-
thaw degassing before being back-filled with nitrogen. The reaction mixture was 
then allowed to equilibrate in a thermostatted oil bath preheated to 30 °C for 5 min 
before the copper catalyst was released to initiate the polymerisation. The 
polymerisation was quenched by exposure to air after 4 h (24 % conversion by 
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1H NMR). The PMA-grafted particles were then washed by repeated centrifugation-
redispersion cycles (3 times, 14,500 rpm, 10 min) with DCM. 
 
Scheme 3.22 Synthetic strategy to build-up long polymer grafts from surface-bound initiators by 
successive block extensions. 
 
3.2.9 Grafting MA from SiP-Br, DPn,target 5000 at 60 °C 
Methyl acrylate (4.0 mL, 44 mmol) containing the ligand (Me6TREN, 0.5 µL, 1.8 ×   
10-3 mmol) and initiator (EBiB, 1.3 µL, 8.9 × 10-3 mmol) was measured into a sealed 
25 mL sample vial containing DMSO (4.0 mL). The mixture was then transferred to a 
25 mL Schlenk tube charged with a magnetic stirrer wrapped with the copper(0) 
wire catalyst (2 cm, 1.0 mm diameter) which was fixed above the solution using an 
external magnet. The reaction mixture was then sealed with a glass stopper before 
being deoxygenated by 5 consecutive cycles of freeze-pump-thaw degassing. The 
flask was then back-filled with nitrogen before being placed in a preheated oil bath 
thermostatted at 60 °C. The catalyst was then released into solution to initiate the 
polymerisation. The polymerisation was quenched by exposure to air after 13.5 h. 
An aliquot was removed and dissolved in deuterated chloroform for analysis by 
1H NMR to determine monomer conversion and theoretical molecular weight. The 
polymer was dried under reduced pressure, redissolved in THF and passed over 
basic alumina to remove dissolved copper before analysis by SEC to determine 
molecular weight and molecular weight distribution. 
3.2  Experimental 
106 
 
 
Scheme 3.23 SET-LRP of MA initiated with EBiB employing a Cu(0) wire/Me6TREN catalytic 
system in DMSO at 60 °C. 
 
Functionalised silica nanoparticles were solvent exchanged from EtOH to DMSO 
(3 times, 5 min, 14.5 × 103 rpm). Methyl acrylate (4.0 mL, 44 mmol) containing the 
ligand (Me6TREN, 0.5 µL, 1.8 × 10
-3 mmol) and initiator (EBiB, 1.3 µL, 8.9 ×
10-3 mmol) was measured into a sealed 25 mL sample vial containing the silica 
nanoparticles (64.7 mg) in DMSO (4.0 mL). The mixture was then transferred to a 
25 mL Schlenk tube charged with a magnetic stirrer wrapped with the copper(0) 
wire catalyst (2 cm, 1.0 mm diameter) which was fixed above the solution using an 
external magnet. The reaction mixture was then sealed with a glass stopper before 
being deoxygenated by 5 consecutive cycles of freeze-pump-thaw degassing, and 
back-filled with nitrogen before being placed in a preheated oil bath thermostatted 
at 60 °C. The catalyst was then released into solution to initiate the polymerisation. 
The polymerisation was quenched by exposure to air after 13.5 h. An aliquot was 
removed and dissolved in deuterated chloroform for analysis by 1H NMR to 
determine monomer conversion and theoretical molecular weight. The remaining 
sample was diluted with DCM and washed by repeated centrifugation-redispersion 
cycles (3 times, 14,500 rpm).  
 
Scheme 3.24 Grafting MA from bromine-functionalised silica nanoparticles by SET-LRP in the 
presence of a Cu(0) wire/Me6TREN catalytic system in DMSO at 60 °C. 
 
 
 
 
3.3 Results and Discussion  
107 
 
 Results and Discussion 3.3
Our group has extensively explored the preparation of well-defined inorganic-
organic core–shell particles or particle brushes by surface-initiated reversible 
addition–fragmentation chain transfer (SI-RAFT) polymerisation.6,77-78,84 While this 
technique proved highly versatile, capable of polymerising a wide range of vinyl 
monomers, inherent limitations of this technique resulting from significant 
termination that restricts the molecular weight achievable may be overcome by 
employing other controlled/“living” radical polymerisation techniques available.  
Single-electron transfer living radical polymerisation (SET-LRP) offers a 
unique opportunity to prepare ultrahigh molecular weight polymer grafts from a 
solid support at ambient temperature.94 The self-sustaining mechanism generated 
through the disproportionation of Cu(I) to Cu(0) and Cu(II) eliminates the need for 
bimolecular termination to accumulate the Cu(II) deactivator to elicit control as in 
conventional ATRP.98 Work to date suggests that SET-LRP permits the formation of 
extremely high molecular weight polymers with near-perfect chain-end 
retention.95,112 Therefore, post-polymerisation modifications including chain-
extension should be more feasible via this route, allowing the properties of the 
particle brushes to be precisely tuned.    
This work will explore the development and use of a heterogeneous 
catalytic system to control the surface-initiated polymerisation (SIP) of a series of 
vinyl monomers from initiator-fixed silica nanoparticles (SiP-Br). Specifically, the 
impact of bound initiators in the polymerisation medium will be explored over a 
range of molecular weights using methyl acrylate (MA) and tert-butyl acrylate (tBA). 
We will also demonstrate the versatility of using SI SET-LRP by exploring other 
functional monomers including N-isopropylacrylamide, n-butyl acrylate and styrene. 
While several competing theories have been proposed to explain the 
mechanism of transition metal-mediated LRP in the presence of zerovalent 
metals,94,113-118 it is not the purpose of this investigation to challenge the proposed 
mechanism, so for the purpose of this report, we will use the term single-electron 
transfer living radical polymerisation (SET-LRP), mediated in the presence of 
zerovalent copper, to differentiate from systems that employ copper salts.  
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3.3.1 Kinetic Investigation of the Surface-Initiated Polymerisation of 
Methyl Acrylate from Initiator-Fixed Silica Nanoparticles using 
Single-Electron Transfer Living Radical Polymerisation 
In this work, we focused on the functionalisation of monodisperse silica 
nanoparticles with an average diameter of 130 nm with highly dense polymer 
brushes. The silica nanoparticles were functionalised with a silane coupling agent 
(BPE) bearing a bromine-initiating group (Figure 3.6 (a)) via a condensation reaction 
in ethanol, catalysed by ammonia.68 The size and morphology of the silica 
nanoparticles after functionalisation are shown in Figure 3.5 (a)–(c). The particles 
are well-defined, display spherical morphology, with an average diameter of 
130 nm. We can also see the functionalised particles form randomly-arranged 
aggregates in the dry state. The surface-functionalisation with the bromine-
initiating group also affords particles that adequately disperse in appropriate 
reaction media including a range of organic solvents and monomers, essential for 
subsequent uniform surface functionalisation.40,68 The synthesis of the silane-
functionalised initiator (BPE) and subsequent fixation of the initiator to the silica 
nanoparticle surface was performed by Dr. John Moraes of the Key Centre for 
Polymers and Colloids in the laboratories of Dr. Kohji Ohno in Japan and supplied to 
us for this investigation. 
 
Figure 3.5  (a)–(c) Scanning transmission electron micrographs of initiator-fixed silica 
nanoparticles at increasing magnifications with an average diameter of 130 nm. 
 
The initiator-fixed silica nanoparticles were used to mediate the growth of 
a polymer brush from the particle surface using single-electron transfer living 
radical polymerisation in the presence of a free initiator (EBiB). The chemical 
structure of the surface-fixed initiator in comparison to the free initiator is shown in 
Figure 3.6 (a) and (b). Notice the structural similarity of the free initiator and bound-
initiator used. This ensures the initiating groups in solution and bound to the solid-
(a) (b) (c) 
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support have similar reactivity, and are thus equally likely to initiate and propagate 
at similar rates, resulting in uniform growth of polymers in solution and from the 
particle surface. 
 
Figure 3.6  Chemical structure of the (a) bromine-initiator fixed to the silica nanoparticle surface 
(BPE) in comparison to the (b) sacrificial or free initiator (EBiB). 
 
The presence of a sacrificial initiator is important for several reasons. 
Firstly, the amount of monomer to free initiator added to the system allows precise 
control over the molecular weight of the grafted chains, assuming the number of 
initiating sites on the particle surface is negligible compared to free initiator. This 
assumption remains valid by maintaining a concentration of 1 % (w/w) of 
functionalised silica nanoparticles in the reaction mixture.  
The free (unbound) polymer formed is easily collected from the 
supernatant for analysis by size exclusion chromatography (SEC) to determine 
molecular weight and dispersity. Analysis of the free polymer therefore provides a 
simple means to characterise the properties of the grafted polymer chains. The 
molecular weight and dispersities of the free polymers formed in solution has been 
shown to correlate well with the grafted polymer by Tsujii et al.119 and confirmed by 
subsequent studies.40,77,120 This approach is now well-established with the analysis 
of free chains used to determine the nature of the grafted chains.8,44,84 Although it 
should be noted that while the free polymer generally provides a good 
approximation of the bound polymer, several reports have been published to the 
contrary.40 For instance, Ohno and coworkers77 observed the number average 
molecular weight of the free polymer deviated from theory with increasing 
conversion contrary to the grafted polymer chains when they performed the SI-
RAFT polymerisation of styrene from EHT-fixed SiNPs (130 nm diameter). This 
observation was attributed to the thermal self-initiation of styrene that resulted in 
additional free chains forming in solution.  
In ATRP-type systems, control in the early stages of the polymerisation 
requires an accumulation of the deactivating species, Cu(II), through the 
(a) (b) 
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termination of radicals, a phenomenon akin to the persistent radical effect.50 It has 
been shown that the addition of a free initiator is required to produce a sufficient 
quantity of deactivator to effectively control the growth of surface-bound polymers, 
preventing irreversible termination events in SI-ATRP.1,33,39-40,46,68 Another approach 
to improve control that has been reported is the addition of deactivator rather than 
the use of a sacrificial initiator.120 This approach circumvents the need for extensive 
washing procedures and high-speed centrifugation equipment to remove free 
polymer from the functionalised material and assisting the formation of much 
thicker polymer brushes, since the majority of monomer is then consumed by the 
fixed initiator.40,120 However, since it has been shown that the formation of particle 
brushes requires a high viscosity medium to prevent interparticle coupling and 
aggregation,68,77 and the formation of a free polymer circumvents the need to 
characterise the bound polymer which requires the use of HF etching, the use of a 
sacrificial initiator rather than the addition of deactivator was chosen for this study.  
Metal-mediated living radical polymerisation techniques are highly delicate 
systems that must be fine-tuned to elicit control.40,50 The introduction of an 
initiating group bound to a particle surface adds another level of complexity to the 
system. Despite this, a number of SI-CLRP techniques have been used to precisely 
control the architecture of particle brush materials.40 In particular, the particles 
must be stable (i.e. well dispersed) in the polymerisation medium to ensure uniform 
grafting, which is not possible if aggregates are formed.40 An additional challenge 
that may arise is the possible variation in reactivity of the fixed and free initiators. In 
the case of a heterogeneous catalytic system exploited in SET-LRP, the surface-
bound initiators may be less accessible, particularly in the early stages where 
activation occurs directly from the copper wire surface. As such, to mediate a well-
controlled SI SET-LRP, it is particularly important that the disproportion of the Cu(I) 
species formed in situ proceeds rapidly to form the highly reactive “nascent” Cu(0) 
nanoparticles, such that the major activating species is well dispersed throughout 
the system. This will ensure the fast and uniform activation of the surface-bound 
initiators required to achieve a predictable graft length. This also ensures the 
deactivating species, Cu(II), is generated early to reversibly deactivate the growing 
radicals, preventing undesirable radical coupling. 
3.3 Results and Discussion  
111 
 
Methyl acrylate (MA) was chosen for initial investigations to establish 
whether a heterogeneous catalytic system could effectively control the polymer 
growth from a surface as it is considered to be the gold standard for SET-LRP. 
Methyl acrylate has been used extensively to study the mechanism of metal 
catalysed polymerisations performed in the presence of zerovalent species. In 
general, the polymerisation of methyl acrylate is conducted in DMSO at 25 °C in the 
presence of a Cu(0)/Me6TREN catalytic system.
94,96,103,121-125 The polymerisation of 
methyl acrylate was performed in the absence and presence of 1 % (w/w) SiP-Br in 
DMSO at 30 °C with a monomer to initiator ratio of 250. The conditions used are 
summarised in Table 3.1, Entry 1. A temperature of 30 °C was used to ensure 
precise and reliable temperature control year-round regardless of ambient 
conditions. In addition, the increased temperature when compared to typical 
experimental conditions reported for SET-LRP (25 °C) may be beneficial in 
decreasing the viscosity of the system in the presence of the added particles. 
Samples were taken under nitrogen by syringe throughout the polymerisation for 
analysis by 1H NMR to determine monomer conversion and size exclusion 
chromatography (SEC) to monitor molecular weight and molecular weight 
distribution as the reaction progressed. All results obtained from the kinetic studies 
are tabulated in Appendix B, Section 1, Page 197.   
The kinetic results comparing the properties of the formed polymer in the 
presence and absence of initiator-fixed particles are summarised in Figure 3.7. The 
reactions performed in the presence and absence of initiator-fixed silica 
nanoparticles exhibited very similar kinetics, reaching 80 % conversion within 
60 min (Figure 3.7 (a)). The polymerisation rate far exceeds those obtained by other 
LRP techniques such as RAFT, NMP, as well as ATRP.108  
Initially, the reaction in the presence of initiator-fixed particles proceeds at 
a marginally faster rate, but tapers off slightly prior to the homopolymerisation. This 
can be attributed to the increased viscosity in the presence of particles resulting in 
localised heating. Consequently, higher local radical concentrations arise and result 
in a higher frequency of bimolecular termination. This is confirmed by the 
decreasing semilogarithmic plot shown in Figure 3.7 (d). However, it is also possible 
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that variation in monomer conversion in the presence of particles may be due to 
insoluble polymer (i.e. polymer grafts) not observed by NMR. 
The SEC chromatographs shown in Figure 3.7 (b) are relatively broad 
initially, indicating the reaction is poorly controlled within the initial stages of the 
polymerisation, with the dispersity eventually decreasing to 1.1 in both the 
homopolymerisation and grafting reaction. A decrease in dispersity with conversion 
is a common trend observed in ATRP-type systems which require the build-up of the 
Cu(II) deactivator through the persistent radical effect to reversibly deactivate the 
active radicals. Despite this, the molecular weight of the free polymer and the 
homopolymer agree with the theoretical molecular weight based on monomer 
conversion well, suggesting that both reactions proceed in a controlled fashion. 
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Figure 3.7 (a)–(d) Kinetic plots monitoring the polymerisation of MA by SET-LRP in DMSO in 
the absence (–) and presence () of 1 % (w/w) SiP-Br. Reaction Conditions: 
[MA]:[EBiB]:[Me6TREN] = 250:1.00:0.10, MA = 2.0 mL, DMSO = 1.5 mL, 30 °C. Glacial acetic 
acid activated copper(0) wire (1.5 cm, 1 mm diameter). 
(a) (b) 
(c) (d) 
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The PMA-grafted silica nanoparticles (SiP-g-PMA) were collected and 
washed thoroughly by repeated centrifugation and redispersion cycles into 
chloroform (CHCl3), a suitable solvent for the PMA grafts. After PMA was grafted to 
the functionalised silica core, dispersion into organic solvents such as DCM, THF and 
toluene improved. Chloroform was also particularly convenient for washing, 
allowing additional washing with an aqueous solution of EDTA to remove soluble 
copper salts formed during the polymerisation. Dynamic light scattering (DLS) 
measurements were than carried out on a very dilute dispersion of the PMA-coated 
silica nanoparticles in CHCl3. Dynamic light scattering was used to study the growth 
of the polymer shell from the silica core with monomer conversion, shown in Figure 
3.8.  
It is important to note that dynamic light scattering is not a quantitative 
technique. The measurements recorded by DLS are relative to the silica core, and 
do not take into account the properties of the polymer or surface groups. Changes 
in the measured hydrodynamic diameter (Dh) are based on changes in particle 
diffusion with increasing PMA content. Nevertheless, DLS is a simple 
characterisation tool to monitor the shell thickness with increasing monomer 
conversion, and also provides insight into the level of control and stability of the 
functionalised materials in terms of the presence of aggregation or particle coupling 
by assessing the particle polydispersity index (PDI).  
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Figure 3.8 DLS results showing the (a) Z-average intensity size distributions and (b) the average 
Dh and PDI of SiP-g-PMA with increasing monomer conversion targeting a DPn of 250 in 
comparison to the compact core–shell and fully-stretched core–shell model. Measurements 
recorded in a dilute dispersion in CHCl3 at 20 °C. 
(a) (b) 
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The DLS intensity distributions of the SiP-g-PMA with increasing monomer 
conversion are shown Figure 3.8 (a). It is clear that the size of the particles does not 
change significantly with increasing graft chain length i.e. with increasing monomer 
conversion. The DLS maximum peak distribution shifts from 128 to 177 nm. This 
marginal change in size illustrates that to significantly alter the polymeric shell 
thickness, the degree of polymerisation must be significantly increased to effect any 
significant change to tailor the properties based on shell size. The hydrodynamic 
diameters and polydispersity index as a function of monomer conversion are shown 
in Figure 3.8 (b). The hydrodynamic diameter is shown in comparison to the core 
diameter (130 nm) and the diameters predicted using the compact and fully-
extended core–shell models (see Appendix B, Section 2 and 3, Page 202–203 for 
further details). The former model consists of a silica core surrounded by a PMA 
shell of bulk density (1.21 × 10–21 g nm–3).126 The latter model consists of a silica 
core surrounded by a PMA shell with a thickness equal to the length of the polymer 
chains stretched radially out in an all-trans conformation. The diameter of the 
hybrid particles decreased initially, but after approximately 60 % monomer 
conversion increased with increasing monomer conversion. There are several 
reasons that may account for this, including aggregation during the washing 
procedure. However, since the Dh is not significantly higher than expected based on 
the monomer conversion, the poorer control initially observed in the solution 
polymerisation (Figure 3.7 (b)–(c)) and broader PDI of the particles suggests the 
larger diameter at low conversion may be a consequence of the presence of several 
populations of particles. In addition, it is more difficult to determine the peak 
diameter for a broader particle distribution. As mentioned previously, ATRP-type 
systems generally exhibit poor control in the initial stages of a reaction until a 
substantial amount of deactivator is formed to reversibly deactivate growing 
polymer chains. As the reaction proceeds, the polymers begin to grow in a 
controlled fashion, resulting in the build-up of another lower molecular weight 
population.50 Therefore, a broader distribution at low monomer conversion is not 
surprising. The hydrodynamic diameter of the SiP-g-PMA than increases with 
conversion after 25 min or 60 % conversion as the chains begin to grow in a more 
controlled manner from the surface of the particles. The poor control observed 
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initially may also be a by-product of the heterogeneous nature of the system. Initial 
activation can only occur directly from the copper wire surface. This prerequisite 
warrants the diffusion of particles directly to the surface of the copper wire in order 
for initiation to occur. As such, the activation of the surface-fixed initiators may not 
be simultaneous with the free initiators, and may not proceed substantially until the 
formation and dispersion of the “nascent” Cu(0) nanoparticles throughout the 
reaction medium.  
Thermogravimetric analysis (TGA) was performed on the SiP-g-PMA 
samples to confirm the successful covalent grafting of methyl acrylate from the 
functionalised silica nanoparticles and subsequently to calculate the grafting density 
(Figure 3.9 (a)–(b)). This technique also indicates whether the polymer grafts 
continue to grow throughout the course of the reaction, indicated by an increasing 
amount of organic material relative to inorganic silica. The grafting density, σ, was 
calculated according to Equation (3.1). For a complete derivation, refer to 
Appendix B, Section 4, Page 204.  
 
 𝜎 =  
𝜌 ∙ 𝐷 ∙ 𝑁𝐴 ∙ 𝑚𝑜𝑟𝑔𝑎𝑛𝑖𝑐𝑠
6 ∙ 𝑀𝑛 ∙ 𝑚𝑖𝑛𝑜𝑟𝑔𝑎𝑛𝑖𝑐𝑠
 
 
(3.1) 
 
 
Where 𝝆  and 𝑫  are the density (1.9 × 10–21 g nm–3) and diameter (130 nm) of the silica 
nanoparticle core respectively, 𝑵𝑨 is Avogadro’s number (6.022 × 1023 mol–1), 𝑴𝒏 is the number 
average molecular weight of the free polymer, 𝒎𝒐𝒓𝒈𝒂𝒏𝒊𝒄𝒔 and 𝒎𝒊𝒏𝒐𝒓𝒈𝒂𝒏𝒊𝒄𝒔 are the weight percent 
of the organic and inorganic material obtained from the thermolysis of the material at 700 °C 
under an oxygen atmosphere.  
 
The TGA and corresponding DTG curves of the PMA-grafted silica 
nanoparticles with increasing monomer conversion in comparison to the free 
polymer and initiator-fixed particles are shown in Figure 3.9 (a). The hybrid material 
undergoes a single degradation process. This thermal degradation can be attributed 
to the successful grafting of poly(methyl acrylate) from the surface of the particles, 
occurring over the same temperature range as the free poly(methyl acrylate). The 
amount of organic material relative to silica increases with monomer conversion. 
This observation suggests that the polymer grows throughout the course of the 
reaction in a controlled and similar manner to the free polymer in solution. 
The amount of organic-to-inorganic material was used to calculate the 
surface grafting density using Equation (3.1). Notice that the DTG curve of the free 
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polymer is well-defined, occurring within the range of 350 to 450 °C, while the 
hybrid particles undergo another transition after 450 °C in a similar manner to the 
initiator-fixed particles. This organic matter is more significant at lower graft lengths 
as evidenced by the larger contribution of this degradation at lower conversion in 
the DTG plot. The thermolysis of the initiator-fixed silica nanoparticles showed that 
a significant amount of organic material (11.08 %) was present. This organic 
material can be attributed to the presence of the initiator fixed to the surface and 
residual organic material and small molecules, the origin and nature of which are 
determined by the method used to synthesise the silica nanoparticles. Jafarzadeh 
et al.127 confirmed the nature of the organic material by using a TGA coupled to a 
mass spectrometer. Their results confirmed that the thermolysis was due to 
residual water that becomes trapped within the SiO2 structure during the 
condensation reaction, residual ammonia and TEOS, and the dehydroxylation of 
silanol groups. When calculating the grafting density of low molecular weight 
polymers attached to the silica surface, the residual organic matter cannot be 
overlooked. In order to stress the importance of considering the residual organic 
matter, the grafting density with time was plotted in Figure 3.9 (b) with and without 
correcting for the residual organic matter. The grafting density was grossly 
overestimated throughout the polymerisation, particularly at lower monomer 
conversion where the contribution of residual organics is much more significant 
than the low molecular weight grafts. Without correcting for the residual organic 
matter, we would also determine that the grafting density remains constant 
throughout the polymerisation, which would be surprising, considering other SI-
techniques that are performed in a homogenous system do not exhibit such control 
from the beginning of the polymerisation. In a system where initial activation of 
growing chains relies on the ability of the particle to approach the surface of the 
copper wire catalyst, it is not surprising that activation of the surface-fixed initiator 
is not simultaneous with the initiation of the free initiator. Nevertheless, the 
grafting density rapidly increases from 0 to 0.61 chains nm–2 within the first 20 min 
of the polymerisation. The grafting density then continues to increase at a much 
slower rate, and after 50 % conversion, the grafting density reaches a relatively 
stable value, with a maximum of 0.74 chains nm–2 reached at 70 % conversion. 
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During which time, the initiating sites decorating the surface of the silica 
nanoparticles then grow uniformly from the surface. Since the grafting density 
reaches a maximum relatively quickly and remains relatively constant with 
increasing monomer conversion, it is highly likely the bound-initiators are initiated 
simultaneously and grow uniformly from the surface. Otherwise, access to bound 
initiating groups would be sterically hindered preventing activation and growth 
from other initiating groups decorating the surface. It should be noted that contrary 
to our results where the grafting density increases over the course of the 
polymerisation, generally the grafting density is highest at the beginning of the 
polymerisation and decreases with the loss of halogen end-groups through 
termination or transfer reactions.   
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Figure 3.9 (a) TGA and corresponding DTG curves of SiP-g-PMA with increasing monomer 
conversion (solid curves) in comparison to initiator-fixed silica nanoparticles (broken black 
curve) and free poly(methyl acrylate) (broken red curve), and (b) grafting density with time 
comparing the raw data (■) with residual organic matter (□). 
 
Figure 3.10 shows the weight percent of organic material with increasing 
monomer conversion as measured by TGA in comparison to the theoretical 
molecular weight of the polymer grafts. The maximum polymer content was 
calculated to be 40 % w/w assuming a grafting density of 0.76 chains nm–2 at 100 % 
monomer conversion. The growth of the polymeric shell is well-controlled, 
increasing linearly with conversion. However, the rate the amount of polymer to 
silica increases with the linear fit intersecting the axes through the origin, implies 
the surface-fixed and free initiators are activated simultaneously from the 
beginning of the polymerisation. This result is unexpected and contrary to the 
(a) (b) 
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grafting density calculations since the free initiator is able to access the copper 
surface more easily than the bound initiators within the initial stages of the 
polymerisation. As such, we would expect the polymer grafts to be shorter than the 
free polymer. Once the “nascent” Cu(0) nanoparticles are generated in the system 
and are well dispersed throughout the polymerisation medium, the particles should 
grow in a living fashion. Assuming this is the only mechanism involved, the initiation 
from the particles should be offset, and as such the amount of polymer attached to 
the surface should also be offset by a given amount.  
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Figure 3.10 Percentage of polymer (), determined from thermogravimetric analysis with residual 
organic matter correction, in comparison to the theoretical number average molecular weight 
(…) of the free polymer with increasing monomer conversion. 
 
If we consider that this is the percentage of organic material in a sample of 
SiP-g-PMA, it becomes apparent that the relative quantity of organic material 
relative to silica must be considered. The ratio of the organic material to inorganic 
material, denoted wg, with increasing conversion is shown in Figure 3.11.  
Now that we have considered the relative amount of poly(methyl acrylate) 
to silica, the growth of the grafted polymer chains is in better agreement with the 
growth of the free polymer in solution. However, it should be noted that the 
relative slope can be adjusted based on the axis scale chosen. As such, the scale was 
chosen based on calculations assuming a grafting density of 0.74 chains nm–2 at 
100 % conversion. This data also indicates that the surface-fixed initiators are not 
activated until 16 % conversion. This would explain the broad polydispersity 
observed by DLS at low conversion (Figure 3.8). 
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Figure 3.11 Weight fraction of PMA to silica () in comparison to the theoretical number average 
molecular weight of the free polymer (…) with increasing monomer conversion. 
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Figure 3.12 Weight fraction of PMA to silica () in comparison to the theoretical number average 
molecular weight  of the free polymer (…) with increasing monomer conversion, accounting for 
the grafting density. 
 
When the surface grafting density is considered (Figure 3.12), it becomes 
apparent the polymerisation from the bound-initiators proceeds at the same rate as 
the free initiators in solution. However, since the activation of the initiators bound 
to the surface is delayed compared to the free initiators as indicated in Figure 
3.9 (b) and Figure 3.11, the molecular weight of the polymer grafts is expected to be 
lower than the free polymer. As such, in this system, the free polymers may not be 
adequate to analyse the nature of the polymer grafts. Lower molecular weight 
grafts may explain the smaller particle size measured using DLS than calculated 
using the compact core–shell model (Figure 3.8 (b)). If we consider the delay in 
propagation from the surface-bound initiators, the grafting density would be as high 
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as 0.94 chains nm–2 (Appendix B, Section 5, Page 205). This correction suggests 
that the grafting density remains relatively constant throughout the polymerisation, 
indicating the polymerisation is well-controlled.  
 
 
Figure 3.13 Electron micrographs of PMA-grafted silica nanoparticles (diameter 130 nm) in order 
of increasing monomer conversion with number average molecular weights of free polymer of 
(a) 10400, (b) 13400, (c) 17200 g mol–1. Images recorded using a STEM detector in bright field 
mode. Images inverted for continuity to commonly used dark field images in publications. Scale 
bar represents 200 nm. 
 
Microscopy techniques including SEM and TEM were used to visualise the 
inorganic-organic core–shell particles. These techniques allow the quality of the 
materials prepared to be further examined in terms of structure and morphology, 
particularly in regards to shell thickness, since the size given by DLS is a 
hydrodynamic size that is dependent on particle diffusion, relative to the silica core. 
However, it should be made clear here, that the size of the polymer shell in the dry 
state is dependent upon a number of factors, including but not limited to the 
concentration of the dispersion, the dispersant and the speed of evaporation. The 
samples were prepared as detailed in Section 3.2.2.6. Briefly, a droplet of a dilute 
suspension of the SiP-g-PMA in CHCl3 was deposited onto a TEM grid. Figure 
3.13 (a)–(d) show the electron micrographs of the PMA-grafted silica nanoparticles 
with increasing conversion. There is no clear evidence of aggregation or 
uncontrolled polymerisation. The particles form fairly ordered structures, exhibiting 
hexagonal packing over small length scales. This assembly is indicative of the 
uniformity of the particles and is promising for the formation of colloidal crystals 
that could potentially have a range of applications including in the area of tuneable 
photonics. The silica cores can be clearly seen as dark circles surrounded by a thin 
and very pale PMA shell, which increases with conversion (Table B.2, Entry 1). 
Strong contrast between the polymer shell and silica core arises from the difference 
(a) (b) (c) 
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in electron density of the components.77 The average shell thickness was 
determined using ImageJ 1.47v software. The shell thickness observed in the dry-
state falls between the compact core–shell and fully-stretched core–shell model. 
In this section, it was shown that a heterogeneous catalytic system can be 
used to effectively control the growth of a very dense polymeric brush using methyl 
acrylate from a spherical surface. Despite an observed delay in polymerisation from 
the bound initiating groups, well-defined core–shell particles were prepared with a 
controlled size. Indeed, if all the surface-fixed initiators were to be activated in the 
early stages of the polymerisation, a large amount of termination on the surface 
could occur at the particle surface.119 In solution, this effect is compensated for by 
the presence of a large amount of free initiator. The much lower concentration of 
surface initiating sites implies that chain termination would significantly affect the 
grafted chain lengths, thus preventing the preparation of well-defined materials. It 
was also established that the size of the core–shell particles does not change 
significantly throughout the polymerisation, despite increasing the degree of 
polymerisation from 0 to 200 throughout the course of the polymerisation. This 
observation demonstrates that to effectively tune the properties of the core–shell 
particles for targeted applications, the grafting density must not only be very dense 
at the core, but the grafts must be very long. The mechanism of SET-LRP proposed 
by Percec and coworkers94 suggests it is possible to form ultrahigh molecular weight 
polymers with apparent complete chain-end retention. We were therefore 
interested in exploring the capability and versatility of SET-LRP by extending our 
investigation to systems with higher degrees of polymerisation (DPn,target 500).  
The initial system explored was carried out in DMSO at 30 °C according to 
standard procedures outlined in Section 3.2.4; the reaction conditions used are 
summarised in Table 3.1, Entry 2. A 2:1 monomer:solvent ratio was used as 
specified according to well-established systems.94,96,103,121-125 It is particularly 
important to maintain a high concentration if possible when targeting higher 
molecular weights to preserve the polymerisation rate at reduced radical 
concentrations. The ligand to initiator ratio was also increased from 0.1 to 0.2 to 
ensure the Cu(I) and Cu(II) species could be effectively ligated and dissolved and 
hence control the polymerisation effectively. The amount of copper wire was 
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increased to ensure the polymerisation proceeded at a comparable rate. The 
reaction was performed in the presence and absence of 1 % initiator-fixed silica 
nanoparticles to assess whether there was any impact on the reaction progress or 
mechanism. Samples were taken under nitrogen throughout the polymerisation for 
analysis by 1H NMR and SEC to monitor the reaction progress (Figure 3.14). 
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Figure 3.14 (a)–(d) Kinetic plots monitoring the polymerisation of MA by SET-LRP in DMSO in 
the absence (–) and presence () of 1 % (w/w) SiP-Br. Reaction Conditions: 
[MA]:[EBiB]:[Me6TREN] = 507:1.00:0.20, MA = 4.0 mL, DMSO = 2.0 mL, 30 °C. Glacial acetic 
acid activated copper(0) wire (10 cm, 1 mm diameter). 
 
In both cases, the polymerisation proceeded rapidly, reaching 80 % 
conversion within 40 min (Figure 3.14 (a)). In a similar manner to the previous 
system, where a degree of polymerisation of 250 was targeted, the molecular 
weight distribution is observed to narrow with conversion, from 1.2 at low 
conversion and reaching 1.1 at 80 % conversion. This observation suggests that the 
amount of deactivator, Cu(II), has not formed in an adequate concentration to 
(a) (b) 
(c) (d) 
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deactivate the growing radical chains. Despite this, the molecular weight increases 
linearly with conversion in agreement with theory (Figure 3.14 (b)). 
Below 80 % conversion, the polymerisation proceeds in a living fashion, 
with the semilogarithmic plot increasing linearly with time (Figure 3.14 (d)). It is 
again apparent however, in the presence of functionalised silica nanoparticles, the 
semilogarithmic plot has a very slight decreasing slope, which suggests a decreasing 
radical concentration throughout the course of the polymerisation. Due to the 
slightly higher molecular weights expected from theory at high conversion, it is 
likely the decreasing radical concentration is a consequence of termination. There 
also appears to be more significant tailing in the SEC traces associated with poor 
control initially in the reaction which may be attributed to localised heating due to 
higher viscosities. However, the fact that the reaction in the presence of particles is 
not initially faster than the homopolymerisation suggests there may be another 
underlying reason for the decreasing semilogarithmic plot than early termination. 
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Figure 3.15 DLS results showing the (a) Z-average intensity size distributions and (b) the average 
Dh and PDI of SiP-g-PMA with increasing monomer conversion targeting a DPn of 500 in 
comparison to the compact core–shell and fully-stretched core–shell model. Measurements 
recorded in a dilute dispersion in CHCl3 at 20 °C. 
 
The PMA-grafted particles were washed thoroughly by repeated 
centrifugation-redispersion cycles into CHCl3. It was clear from the difficulty of 
collecting the particles after dispersion in CHCl3, that the silica core was shielded 
more effectively than when lower molecular weight polymers were grafted from 
the surface, making collection by centrifugation more difficult. Dynamic light 
scattering was then performed, and the results are shown in Figure 3.15. The 
hydrodynamic diameter increased with conversion, but interestingly, there was a 
(a) (b) 
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dramatic increase in size after 50 % monomer conversion was reached accompanied 
by a broadening particle distribution. Such increase in size cannot be explained by 
the theoretical polymer length when extended from the silica core according to the 
fully-stretched core–shell model. The size of the polymer-coated silica nanoparticles 
observed by DLS is likely a result of interparticle coupling as a consequence of the 
high viscosity of the concentrated medium, resulting in ineffective stirring at high 
conversion. Aggregation is another possible cause associated with the washing 
cycles that rely on collection and redispersion. 
The amount of organic material relative to inorganic material increased 
with increasing monomer conversion as shown by the thermograms in Figure 
3.16 (a) obtained by thermogravimetric analysis. This observation indicates the 
growth of the polymer is controlled and continues throughout the course of the 
polymerisation. The derivative of the thermograms clearly demonstrate the 
successful grafting of PMA from the functionalised silica core when compared to the 
thermolysis of free PMA. Again, the derivative curves quite clearly show that at 
lower graft molecular weight, the contribution from the residual organic matter 
degrading at temperatures exceeding 450 °C, is significant and must be accounted 
for. This is reinforced in Figure 3.16 (b) that shows the surface grafting density with 
and without the correction for the residual organic matter.  
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Figure 3.16 (a) TGA and corresponding DTG curves of SiP-g-PMA with increasing monomer 
conversion (solid curves) in comparison to initiator-fixed silica nanoparticles (broken black 
curve) and free poly(methyl acrylate) (broken red curve), and (b) grafting density with time 
comparing the raw data (■) with residual organic matter (□). 
 
(a) (b) 
3.3 Results and Discussion  
125 
 
The grafting density increased rapidly within the first 20 min, stabilising 
after 50 % monomer conversion was reached to a maximum value of 
0.75 chains nm–2. These results are in agreement with the previous investigation. 
The observed latency period may be associated with poor agreement between the 
free and grafted polymer properties. The variation between the free and grafted 
chains is expected to be more significant at lower monomer conversions as a result 
of delayed initiation from the surface-bound initiators as discussed earlier.   
The weight fraction of grafted polymer to silica with increasing conversion 
in comparison to the molecular weight of the free polymer is shown in Figure 3.17. 
The surface-initiated polymerisation appears to proceed in two stages. Within the 
first stage of the grafting-from polymerisation, the chains grow linearly with 
conversion. The surface-fixed initiating groups are not activated significantly until 
11 % monomer conversion has been reached in solution. This was estimated from 
a linear curve fit of the first stage of the polymerisation. Unlike in the previous 
system, the grafting density does not plateau as quickly, instead slowly increasing 
throughout the course of the polymerisation. This could possibly explain why the 
relative quantity of grafted polymer relative to silica does not increase at the same 
rate as the free polymer molecular weight.  
The second stage appears to be accompanied by a sudden increase in 
grafting density. Given the high density polymer grafts at the surface, it is unlikely 
more initiating sites on the surface are activated due to sterics. It is more likely that 
shorter dormant chains are reinitiated and grow further. Another reason for this 
second step may be attributed to the Trommsdorff Effect, resulting in rapid 
polymerisation from the bound chains due to localised heating associated with the 
higher viscosity of the reaction medium. Jeyaprakash et al.120 observed similar 
results studying the role of the activator and deactivator in the SIP of styrene from 
silicon wafers functionalised with a 2-bromoprionate moiety attached via a 
monofunctional chlorosilane group mediated using a CuBr/CuBr2 system ligated 
with PMDETA at 90 °C. The addition of 10 % deactivator relative to activator, as 
reported previously, was used to control the SI-ATRP of styrene. Under these 
conditions the polymerisation was self-regulating and radical termination 
unimportant as reported previously for the polymerisation of methyl 
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methacrylate.128 They observed a linear increase in brush thickness, which slowed 
significantly after 10 h. The significant reduction in growth rate was ascribed to the 
loss of active chain ends through irreversible termination events.129 Further growth 
of the polymer brush was observed after 60 h due to a gel effect. The authors 
suggested 2 pathways that may lead to further growth from this gel effect. The first 
relies on the free chains in solution abstracting a hydrogen atom from grafted 
chains to initiate further uncontrolled growth. The second pathway results from the 
uncontrolled polymerisation of any remaining active ends due to the Trommsdorff 
Effect. The sudden increase in particle size could also be a result of free polymer-
graft radical coupling, which is supported by the decreasing semilogarithmic plot in 
Figure 3.14 (d), particularly at higher conversion in the presence of the silica 
nanoparticles.  
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Figure 3.17 Weight fraction of poly(methyl acrylate) to silica () in comparison to the theoretical 
number average molecular weight of the free polymer (…) with increasing monomer conversion 
before (a) and after (b) accounting for grafting density. 
 
Because such a significant difference in grafting density was observed 
between samples, for a more reliable indication of polymer growth kinetics, the 
relative amount of grafted polymer to silica was corrected accounting for the 
grafting density as shown in Figure 3.17 (b). Once the bound-initiators were 
activated within the first stage of the polymerisation, the grafted chains grow at the 
same rate as the free polymer in solution. Note that the last sample does not 
appear within the set-scale of the data-set. This observation suggests the grafted 
polymer weight is significantly greater than expected at 100 % monomer conversion 
based on the ratio of monomer to initiator. This may suggest accelerated 
(a) (b) 
3.3 Results and Discussion  
127 
 
polymerisation from the polymer grafts at higher conversion or termination by 
coupling. Any activation of the surface-fixed initiator before 11 % conversion is 
reached will result in a higher dispersity of grafted chains compared to free 
polymer. The broader distribution of grafted polymer compared to free polymer has 
been documented. 
The polymer shell of the PMA-grafted silica nanoparticles increases with 
molecular weight of grafted polymer as shown in Figure 3.18 (a)–(d). The core–shell 
particles again formed regular arrays, with no significant evidence of particle 
coupling or aggregation. The electron micrographs clearly show the polymeric shell 
encasing the silica core.  
However, since there appeared to be a significant increase in particle size 
according to DLS and TGA which cannot be explained by full-extension of the 
grafted polymers, the system was diluted, such that the monomer:solvent was 2:1.5 
(v/v) to determine whether this had any significant impact on the kinetics and 
quality of material produced. However, this may also be associated with prolonged 
centrifugation times resulting in irreversible aggregates that cannot be effectively 
redispersed resulting in significantly higher hydrodynamic diameters than expected, 
since the electron micrographs show the formation of well-controlled core–shell 
particles that form long-range ordered arrays.  
 
 
Figure 3.18 Electron micrographs of PMA-grafted silica nanoparticles (diameter 130 nm) in order 
of increasing monomer conversion with number average molecular weights of free polymer of (a) 
8700, (b) 34000 and (c) 37700 g mol–1. TEM images recorded in dark field mode. Scale bar 
represents 200 nm. 
 
While we have shown that it is possible to produce high density brushes 
with controllable shell thickness, the high viscosity of the system is of concern. It is 
for this reason that it is commonplace for polymerisations to be stopped at low 
(a) (b) (c) 
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conversions, particularly when grafting from a solid-support, to ensure good control 
over the material structure.1 The high viscosity may have a significant impact on the 
polymerisation kinetics, leading to poor control over the polymerisation and 
consequently poorly defined core–shell particles. This effect was frequently 
observed in these systems with tentative stirring (i.e. stirrer was often jerking or 
completely still in the highly viscous medium) limiting the monomer conversion. In 
order to optimise stirring and avoid the effects of high viscosity, the reaction 
medium was diluted. As ATRP-type systems are sensitive to changes in 
concentration the system was slightly diluted from a monomer:solvent ratio of 2:1 
to 2:1.5. Higher ligand concentrations are also generally used in diluted systems, 
but to ensure we could compare the effect of dilution, no other parameters were 
altered. The conditions used are summarised in Table 3.1, Entry 3.  
The kinetic results for the polymerisation in the presence and absence of 
initiator-fixed particles in the dilute regime, targeting a degree of polymerisation of 
500 are shown in Figure 3.19 (a)–(d) in comparison to the concentrated system. The 
kinetics of the homopolymerisation are markedly different upon dilution. The 
reaction is significantly slower as expected due to the lower concentration of 
radicals and poorer ligation of the copper species. An induction period has also 
been introduced into the dilute system in the absence of particles. Interestingly 
however, the kinetics in the presence of initiator-fixed particles remains relatively 
unchanged. Both reactions reached over 70 % conversion within 40 min. This may 
be due to the higher viscosity of the system containing particles resulting in 
localised heating and faster polymerisation. The dilute regime displayed better 
control than in the concentrated system throughout the polymerisation. The SEC 
chromatograms show low molecular weight tailing which suggests the mechanism is 
behaving similarly to ATRP, at least within the early stages of the polymerisation 
where activation occurs directly from the copper wire surface, and no deactivator 
has been generated in the polymerisation to effect control. The tailing suggests that 
the build-up of deactivator to control the polymerisation is determined by the 
persistent radical effect, where the radicals formed within the early stages of the 
polymerisation undergo irreversible termination and as such we have a permanent 
population of low molecular weight polymers resulting in the tailing observed. 
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The semilogarithmic plot is approximately linear in the dilute regime 
suggesting the absence of coupling between active radicals, in comparison to the 
concentrated regime, where there is a positive deviation of the molecular weight 
from theory that could be associated with coupling. This observation may also be 
indicative of early termination events resulting in a smaller quantity of initiating 
species capable of polymerising. However, since the kinetic data only considers the 
free polymer, we cannot assume that coupling is not occurring between the bound 
and free radicals. 
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Figure 3.19 (a)–(d) Kinetic plots monitoring the polymerisation of MA by SET-LRP in DMSO in 
the absence (–) and presence () of 1 % (w/w) SiP-Br. Reaction Conditions: 
[MA]:[EBiB]:[Me6TREN] = 500:1.00:0.20, at monomer:solvent ratios of 2:1 (blue markers) and 
2:1.5 (light teal markers) (v/v), 30 °C. Glacial acetic acid activated copper(0) wire. 
 
In order to assess the quality of the PMA-grafted silica particles produced 
under dilute conditions, DLS was performed (Figure 3.20). Despite the superior 
control observed for the free polymer under dilute conditions as evidenced by the 
(a) (b) 
(c) (d) 
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kinetic plot (Figure 3.19 (c)), the core–shell particle distributions are relatively broad 
and the particle sizes are actually larger than the particles obtained under the 
concentrated regime. As previously mentioned, Ohno and coworkers68,77 have 
demonstrated the importance of using a sacrificial initiator to prepare 
functionalised nanoparticles. The free polymer formed in solution prevents particle 
diffusion and hence prevents interparticle coupling and aggregation. Larger particle 
sizes observed at higher dilutions may indicate the presence of interparticle 
coupling through termination or aggregation through non-specific interactions with 
improved screening of the core at thicker polymer coatings.9 Jeyaprakash et al.120 
have shown that strong attractive interactions between the polymer graft and 
dispersant may also impact the particle diffusion, resulting in a large apparent size 
by DLS. Aggregates formed either during the polymerisation or during the washing 
cycles may also contribute to the increased size measured by DLS.  
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Figure 3.20 DLS results showing the average Dh of SiP-g-PMA with increasing monomer 
conversion prepared under dilute () and concentrated () conditions. Measurements recorded in 
a dilute dispersion in DCM at 25 °C. 
 
Thermogravimetric analysis confirmed the controlled growth of the 
poly(methyl acrylate) shell from the silica nanoparticle core under dilute conditions 
as shown in Figure 3.21. The grafting densities achieved were similar to previous 
experiments, reaching a maximum of 0.80 grafts nm–2 at 88 % monomer 
conversion. 
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Figure 3.21 (a) TGA and corresponding DTG curves of SiP-g-PMA with increasing monomer 
conversion (solid curves) in comparison to initiator-fixed silica nanoparticles (broken black 
curve) and free poly(methyl acrylate) (broken red curve), and (b) grafting density with time 
comparing the concentrated () and dilute () regime. 
 
Figure 3.22 illustrates the growth of the polymeric shell around the silica 
core in the dilute and concentrated regime with increasing monomer conversion in 
comparison to the theoretical molecular weight of the free polymer formed in 
solution. Under dilute conditions, the growth of the polymer shell increases linearly 
with conversion, at approximately the same rate as the free polymer in solution. We 
again observe that the activation of the surface-fixed initiator is delayed compared 
to the free initiator. However, under dilute conditions, the polymerisation from the 
surface occurs prior to the concentrated regime. This may be attributed to the 
improved diffusion of the functionalised particles to the copper wire surface in the 
early stages of the reaction. However, without further investigation by UV-Vis or 
other, it will not be clear whether it is due to diffusion or due to stabilisation of 
Cu(II) under dilute conditions resulting in the fast disproportion of the Cu(I), 
allowing the “nascent” Cu(0) species to activate throughout the reaction medium. 
As such, more sites are initiated together, resulting in a well-controlled growth from 
the surface, and the polymers grow in a well-controlled fashion from the beginning 
in comparison to the concentrated regime, where the surface initiating groups are 
activated at different times resulting in a broader distribution of bound polymer 
chains. The larger hydrodynamic size of the particles prepared under dilute 
conditions may be a result of a greater extent of particle coupling due to higher 
diffusion rates as expected from previous reports by Ohno and coworkers.68,77 
(a) (b) 
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Figure 3.22 Weight fraction of PMA to silica under dilute () and concentrated () regimes in 
comparison to the theoretical number average molecular weight of the free polymer (…) with 
increasing monomer conversion before (a) and after (b) accounting for grafting density. 
 
While the DLS measurements suggest the presence of interparticle 
coupling, the core–shell particles were observed to form long-range ordered arrays 
(Figure 3.23), indicating the core–shell structures are highly uniform and well-
defined. On closer inspection of the electron micrographs, overlapping shells, 
uneven shell thickness between particles and darker regions indicating multiple 
layers of polymer shells may support the occurrence of interparticle coupling.  
 
 
Figure 3.23 Electron micrographs of PMA-grafted silica nanoparticles (diameter 130 nm) in order 
of increasing monomer conversion with number average molecular weights of free polymer of (a) 
15200 and (b) 38200 g mol–1. Images recorded using a STEM detector in bright field mode. 
Images inverted for continuity to common dark field images observed in publications. Scale bar 
represents 200 nm. 
 
We have demonstrated that well-defined inorganic-organic core–shell 
particles can be prepared using a heterogeneous catalytic system. However, in 
order to fully assess the versatility of this technique, we need to establish the 
limitations in terms of the length of grafted polymer accessible. In addition, if the 
large particle size observed by DLS is a result of the favourable interactions between 
(a) (b) 
(a) (b) 
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the polymer grafts and dispersant, or due to viscosity issues associated with long 
polymer chains, targeting longer chain lengths will yield similar or poorer results. As 
such, we attempted a DPn of 1000 monomer units. Because DMSO is already such a 
viscous solvent and the DPn targeted is extremely high, we used a higher dilution 
than the previous systems with a monomer:solvent ratio of 1:1 (v/v). The conditions 
used are summarised in Table 3.1, Entry 4. The kinetic results from 1H NMR and SEC 
analysis are graphically represented in Figure 3.24 (a)–(d). 
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Figure 3.24 (a)–(d) Kinetic plots monitoring the polymerisation of MA by SET-LRP in DMSO in 
the absence (–) and presence () of 1 % (w/w) SiP-Br. Reaction Conditions: 
[MA]:[EBiB]:[Me6TREN] = 1000:1.00:0.20, MA = 4.0 mL, 1:1 v/v monomer:solvent, 30 °C. 
Glacial acetic acid activated copper(0) wire (6 cm, 1 mm diameter). 
 
The addition of initiator-fixed silica nanoparticles does not appear to 
significantly affect the polymerisation kinetics. The polymerisation is rapid, reaching 
over 80 % conversion within 120 min as shown in Figure 3.24 (a). At such high 
molecular weights, the viscosity is relatively unaffected in the presence of a small 
(a) (b) 
(c) (d) 
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quantity of particles. The polymerisations appear well-controlled, with the 
dispersities decreasing significantly within the first 20 min, reaching 1.1 and 1.2 for 
the free polymer and homopolymer respectively at high conversion (Figure 
3.24 (b)–(c)). This decrease in dispersity with increasing conversion is similar to the 
previous systems investigated and a common characteristic observed in ATRP-type 
systems. The linear semilogarithmic plots shown in Figure 3.24 (d) further support 
the “living” nature of the polymerisations, with only a slight decreasing curvature 
observed after 70 % conversion, indicating that there is a constant radical 
concentration throughout the polymerisations. A constant radical concentration 
generally indicates that undesirable irreversible termination events are minimised. 
However, the molecular weight deviates from theory after approximately 20 % 
conversion is reached. As such, it is more likely that the termination reactions are 
balanced by the rate of initiation of radicals. The homopolymer exhibits slightly 
lower molecular weight than theory, which may be insignificant. It may also be a 
result of the low molecular weight population that is formed early in the 
polymerisation. The SEC chromatographs do exhibit low molecular weight tailing 
which supports this. The free polymer formed in the presence of particles however 
exhibited the opposite behaviour with higher molecular weight than theory. This 
could be attributed to lower initiator concentration due to losses either before the 
polymerisation was started or by termination at the beginning of the reaction. For 
instance, if localised heating occurred, the activation of the alkyl halide by the 
copper wire might have been more rapid resulting in a loss by termination early, 
without significant addition of monomer. But at such small concentrations of 
initiator, experimental error is very likely, and losses understandable in the rigorous 
deoxygenation process. On repetitions of this experiment, the molecular weight 
agreed well with the theoretical molecular weight from conversion, however full 
characterisation was not possible due to inadequate sample quantity. Higher 
temperatures and higher viscosity in the grafting reaction may account for the 
higher molecular weight than theory of the free polymer if initiation is very fast, 
early termination will result in a significant reduction in the initiator concentration, 
resulting in longer polymer chains. The lower molecular weight in the case of the 
homopolymerisation can be associated with transfer reactions. But it is more likely 
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the formation of dead chains early in the reaction, which contributes to a reduced 
number average molecular weight.  
Interestingly, while the targeted chain length was twice as long as in the 
previous study, the hydrodynamic diameters measured were significantly lower 
(Figure 3.25). This observation negates the proposed hypothesis that the interaction 
between the polymer grafts and solvent may be resulting in a larger apparent size.  
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Figure 3.25 DLS results showing the (a) Z-average intensity size distributions and (b) the average 
Dh and PDI of SiP-g-PMA with increasing monomer conversion targeting at DPn of 1000 in 
comparison to the compact core–shell and fully-stretched core–shell model. Measurements 
recorded in a dilute dispersion of THF at 25 °C. 
 
The particle growth is well-controlled, with the average size increasing 
linearly with conversion accompanied by relatively low polydispersities. This result 
suggests the successful growth of poly(methyl acrylate) from the initiating sites 
decorating the silica nanoparticle surface, and suggests that the initiation from the 
surface is rapid and occurs in unison with the free initiator. The polymer grafts 
appear to be extended from the silica surface, with the particle size in agreement 
with the fully-extended core–shell model.  
Thermogravimetric analysis revealed controlled growth from the silica 
nanoparticle core as shown in Figure 3.26. The grafting density increased rapidly, 
reaching 0.65 chains nm–2 after only 10 min at 15 % conversion. This is likely due to 
the lower viscosity of the reaction medium in comparison to previous systems, but 
to be conclusive, more studies targeting this DPn would need to be carried out. 
(a) (b) 
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Figure 3.26 (a) TGA and corresponding DTG curves of SiP-g-PMA with increasing monomer 
conversion (solid curves) in comparison to SiP-Br (broken black curve) and free PMA (broken 
red curve), and (b) grafting density with time comparing the raw data (■) with residual organic 
matter (□). 
 
The fast activation of the surface groups is further supported by the 
relative amount of polymer grafted to the silica as shown in Figure 3.27 (a). This 
graph shows that the initiation from the surface occurs at the same time as the free 
polymer. Accounting for the grafting density (Figure 3.27 (b)), we see that the 
polymer grafts grow in a very controlled manner at the same rate as the free 
polymer in solution.  
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Figure 3.27 Weight fraction of PMA to silica (

) in comparison to the number average molecular 
weight of the free polymer (…) with increasing monomer conversion before (a) and after (b) 
accounting for grafting density. 
 
Characterisation by electron microscopy clearly demonstrates the 
formation of a well-defined core–shell structure maintained throughout the 
polymerisation as shown in Figure 3.28 (a)–(c). The particles formed display even 
shell thicknesses and consistent core coverage. The PMA-grafted silica 
(a) (b) 
(a) (b) 
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nanoparticles assembled into ordered arrays, with no significant aggregation, 
further indicating the core–shell materials prepared are well-defined. Analysis of 
the electron micrographs revealed the polymer growth proceeded in a controlled 
fashion, with the polymer coating increasing in size with monomer conversion. The 
shell size varied between 9 and 37 nm.   
 
 
Figure 3.28 Electron micrographs of PMA-grafted silica nanoparticles (diameter 130 nm) in order 
of increasing monomer conversion with number average molecular weights of free polymer of (a) 
13100, (b) 36100 and (c) 71900 g mol–1. TEM images recorded in dark field mode. Scale bar 
represents 200 nm. 
 
As such, it has been demonstrated that under optimal conditions, the 
preparation of well-defined core–shell particles can be carried out using a 
heterogeneous system to high molecular weight. By altering the conditions, it is 
possible to have precise control over the polymer graft length if the initiation occurs 
from the beginning of the reaction. As a heterogeneous system was employed, the 
catalyst can be easily separated from the material by removing the copper wire, 
allowing simple purification of the material compared to SI-ATRP. The inorganic-
organic core–shell materials prepared under optimal conditions were also not 
visibly polluted with copper salts.  
 
3.3.2 Kinetic Investigation of the Surface-Initiated Polymerisation of tert-
Butyl Acrylate from Initiator-Fixed Silica Nanoparticles using Single-
Electron Transfer Living Radical Polymerisation 
The efficacy of surface-initiated SET-LRP to prepare well-defined core–shell 
materials from a silica support was examined and established by using methyl 
acrylate over a range of molecular weights. While SET-LRP has proven to be a robust 
technique, capable of synthesising a range of well-defined polymers with perfect to 
(a) (b) (c) 
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near-perfect chain end functionality at complete conversion, the preparation of 
hydrophobic polymers has proven to be a challenging task.98-100 The 
disproportionation of the Cu(I)Br complex, formed in situ during the activation of 
the alkyl halide initiator, into “nascent” Cu(0) activator and Cu(II)Br2 deactivator in 
the presence of a nitrogen-containing ligand is the crucial step for a successful SET-
LRP system.94,130-131 The stabilisation and solubilisation of the Cu(II)Br2 complex is 
facilitated in polar solvents such as water, DMSO, DMF, DMAc, ethylene and 
propylene carbonate, alcohols and binary mixtures.94,96,103,112,130,132-136 SET-LRP was 
also successfully reported in a variety of commercial alcohols, including Guinness137 
as well as in blood serum.138 Non-polar solvents such as toluene have also been 
reported.116-118,139-140 While nonpolar solvents have been shown to mediate the 
disproportionation of Cu(I)Br in the presence of Me6TREN,
131 the poor solubility of 
the CuBr2/Me6TREN complex resulted in poor chain-end fidelity.  
One of the major advantages of using a controlled/“living” radical 
polymerisation technique compared to traditional living techniques such as anionic 
polymerisation is the wide range of polymerisable monomers compatible with 
those processes. This freedom makes SI-CLRP techniques an indispensable tool to 
precisely tailor the physical properties of a surface by choosing an appropriate 
monomer or monomers.40 And with further advancements, it is even possible now 
to precisely control the distribution of grafts on the surface to make patterns or 
gradients.42 If we cannot extend this system to include hydrophobic monomers, the 
application of SET-LRP for the controlled growth of polymer brushes from particle 
surfaces will severely limit the potential properties and hence materials that can be 
prepared.  
To determine the versatility of this approach, we further investigated the 
surface-initiated polymerisation of tert-butyl acrylate (tBA). Tert-butyl acrylate, a 
hydrophobic monomer, has the potential to be used to tune surface properties, 
specifically hydrophobicity, with dramatic effect on dispersibility and improved 
interfacial interactions with other materials, assist in self-assembly or be hydrolysed 
to access a more functional poly(acrylic acid) that is not directly accessible through 
metal catalysed LRP techniques (see later sections). Due to the structural similarity 
of tert-butyl acrylate to methyl acrylate, initial experiments were carried out under 
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the same conditions in DMSO (Table 3.1, Entry 1). The polymerisations were poorly 
controlled with clear precipitation resulting in limited conversions. The introduction 
of the hydrophobic tert-butyl group prevented the solubility of the polymer in 
DMSO. The selection of a suitable solvent is paramount in mediating a well-
controlled polymerisation by SET-LRP. The solvent needs to solubilise both the 
monomer and polymer generated throughout the course of the polymerisation.98 
Recent studies by Boyer et al.141 of a series of acrylates with varying alkyl chain 
lengths including tBA exhibited phase separation with increasing polymerisation 
times resulting in uncontrollable molecular weight and broad dispersity, increasing 
with increasing hydrophobicity or alkyl chain length. Additionally, the solvent must 
be able to solubilise the deactivator and favour the disproportionation of the Cu(I) 
complex formed in situ to the highly active “nascent” Cu(0) nanoparticles and the 
Cu(II) deactivator.98 Binary mixtures of DMF and DMSO were also attempted to 
solubilise the PtBA formed. While higher monomer conversions were accomplished 
using a solvent mixture, the polymerisations proceeded with poor control, with very 
broad molecular weight distributions ranging from 3 to 1.5 at high conversion and 
were not reproducible. We then explored using other solvent systems after Percec 
and coworkers98-100 reported the successful preparation of a series of hydrophobic 
and hydrophilic acrylates in fluorinated solvents, namely trifluoroethanol (TFE), 
trifluoropropanol (TFP) and in binary mixtures with DMSO. They observed the 
polymerisation proceeded in a single phase until complete monomer conversion 
with good control.   
Following the methodology described in Section 3.2.4, the polymerisation 
of tert-butyl acrylate in the absence and presence of 1 % (w/w) SiP-Br in TFE at 30 °C 
was performed, targeting a degree of polymerisation of 250 monomer units (Figure 
3.29). The conditions used are summarised in Table 3.2, Entry 1. It is not our 
intention to investigate the mechanism of this system under the reported 
conditions, but to investigate the effect, if any, the addition of initiator-fixed silica 
nanoparticles has on the polymerisation kinetics and elucidate whether it is an 
appropriate system to prepare well-defined particle brushes. 
Figure 3.29 (a) demonstrates that in both cases, after an initial induction 
period, the polymerisation proceeded in 2 stages. This reaction profile can be 
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rationalised by the increasing semilogarithmic plot within the first 200 min shown in 
Figure 3.29 (b). The increasing slope indicates the rate of initiation exceeds the rate 
of deactivation resulting in the accumulation of radical species which then undergo 
bimolecular termination. The significant decrease in the semilogarithmic plot after 
200 min supports the loss of chain end functionality. The accumulation of the 
deactivating species resulting from significant bimolecular termination favours the 
dormant state, retarding further polymerisation.    
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Figure 3.29 (a)–(b) Kinetic plots monitoring the polymerisation of tBA by SET-LRP in TFE in 
the absence (–) and presence () of 1 % (w/w) SiP-Br. Reaction Conditions: 
[tBA]:[EBiB]:[MeTREN] = 250:1.00:0.10, tBA = 4.0 mL, TFE = 2.0 mL, 30 °C. Glacial acetic acid 
activated copper(0) wire (3.0 cm, 1 mm diameter). 
 
Controlled polymerisations involving the synthesis of high molecular 
weight polymers are more sensitive to oxygen as a consequence of the very low 
radical concentration. This prompted further investigation to determine whether 
sampling during the polymerisation resulted in premature oxidation of the copper 
species and/or termination of the active radicals. The polymerisations were 
repeated under identical conditions and left under a nitrogen atmosphere overnight 
without interference. The homopolymerisation reached 68 % conversion after 
16.5 h, the solution was highly viscous and a pale yellow-green colour. However, no 
further polymerisation occurred after 3 days. In the presence of the initiator-fixed 
silica nanoparticles, the mixture was pale green after 16.5 h, and no significant 
increase in viscosity was observed. The reaction did not exceed 23 % conversion 
after 3 days. Irrespective of sampling, when the reaction was performed in the 
presence of initiator-fixed silica nanoparticles the monomer conversion was 
significantly lower than in their absence. Several factors may be important here 
(a) (b) 
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including localised heating and radical migration,119 resulting in significant 
termination events in the presence of the initiator-fixed silica nanoparticles. 
Despite the poor solution polymerisation kinetics and limited conversion, 
thermolysis of the core–shell materials shown in Figure 3.29 confirmed the growth 
of PtBA from the bound-initiators with the appearance of a very sharp degradation 
process at 230 °C after 150 min. This degradation is attributed to the tert-butyl 
ester groups from the polymer side-chains. From the DTG curve, it is clear the 
residual organic matter is highly significant at low monomer conversion with a 
significant amount of material degrading at a maximum temperature above 500 °C. 
This overall contribution begins to decrease as the amount of polymer attached to 
the silica surface increases. As free polymer was detected earlier in the reaction, 
this indicates that the SIP was delayed relative to the free initiator in solution 
similarly to previous systems investigated. This is likely due to diffusion-limited 
activation from the surface of the copper(0) wire in the early stages of the 
polymerisation. 
The grafting density was calculated according to Equation (3.1) using the 
relative amount of organic to inorganic material from the thermograms and the 
theoretical molecular weights of the free polymer as a representation of the grafted 
chains. The evolution of grafting density with polymerisation time is shown in Figure 
3.30 (b). It is again apparent that without considering the organic matter, the 
grafting density, particularly at lower monomer conversions is grossly 
overestimated. When the residual organic matter was considered, the grafting 
density reached a maximum value of 0.41 chains nm–2, significantly lower than 
those achieved using MA. The grafting density then decreased to 0.35 chains nm–2 
at 27 % conversion. The low grafting density may arise due to slow initiation 
compared to propagation. This would result in significant growth from some sites 
decorating the surface. The grafted chains may then prevent access to the other 
sites, similar to a grafting-to approach. Several reasons may contribute to a 
decreasing grafting density. The most likely cause is the irreversible termination of 
the grafted polymer chains, which is in agreement with the decreasing 
semilogarithmic plot observed in Figure 3.29 (b). Tsujii et al.119 observed a 
decreasing grafting density for the SI-RAFT polymerisation. This was attributed to 
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enhanced recombination in SI-RAFT compared to SI-ATRP under similar conditions. 
Ohno and coworkers77 also reported a decreasing grafting density with 
polymerisation time on several occasions. This result was attributed to enhanced 
recombination of polymeric radicals on the surface by sequential chain transfer 
reactions with a shoulder observed in the size exclusion chromatographs of the 
grafted polymer. However, the reason for this behaviour is still uncertain, with 
conflicting results reported in later publications. 
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Figure 3.30 (a) TGA and corresponding DTG curves of SiP-g-PtBA with increasing monomer 
conversion (solid curves) in comparison to SiP-Br (broken black curve) and free PtBA (broken 
red curve), and (b) grafting density with time comparing the raw data (■) with residual organic 
matter (□). 
 
Several reasons may account for the limited monomer conversion 
observed at lower reaction temperatures. Poor initiation efficiency as well as poor 
solubility of the Cu(II)Br2/Me6TREN complex are possible causes. If the solvent does 
not dissolve a substantial amount of the deactivator, the system will not be self-
sustaining. The extremely reactive Cu(0) nanoparticles will continue to activate 
dormant chains throughout the polymerisation without a sufficient amount of 
deactivator to reversibly deactivate the propagating radicals. This would result in 
substantial bimolecular termination between propagating radicals and poor control 
over the polymerisation. To improve the solubility of the Cu(II)Br2/Me6TREN 
complex and initiator efficiency, the temperature was increased from 30 °C to 50 °C. 
No other parameters were altered. The conditions used are summarised in 
Table 3.2, Entry 2. The kinetic results are summarised in Figure 3.31 (a)–(d) in the 
presence and absence of initiator-fixed silica nanoparticles. 
(a) (b) 
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The polymerisation kinetics showed remarkable improvement compared to 
the previous study at 30 °C, reaching over 60 % conversion within 150 min in the 
presence and absence of initiator-fixed silica nanoparticles. The system proceeded 
in a controlled manner as evidenced by the linear increase of molecular weight in 
accordance with the theoretical molecular weight expected from the monomer 
conversion assuming 100 % initiator efficiency, and low dispersity of 1.04 at high 
conversion. This is reinforced by the linear semilogarithmic plot until 60 % 
monomer conversion, where it deviates slightly, showing a decrease in propagating 
radical concentration. However, at high monomer conversion it is not uncommon to 
observe a decreasing semilogarithmic plot. Closer inspection reveals a slightly 
increasing semilogarithmic plot below 60 % conversion, followed by a decreasing 
radical concentration. This observation indicates that there is a pre-equilibrium 
period where the polymerisation proceeds via a typical ATRP mechanism, whereby 
early bimolecular termination results in the accumulation of the deactivator. This 
kinetic profile strongly suggests that the limited conversions reached in the previous 
system investigated at 30 °C was a result of a rapid influx of radicals that could not 
be effectively deactivated in the early stages of the polymerisation. That is, the 
disproportionation of the Cu(I) complex produced in situ to the highly active 
“nascent” Cu(0) nanoparticles and the Cu(II) deactivator is slow. Hence, significant 
bimolecular termination results in the permanent loss of active chain ends, and the 
accumulation of the Cu(II)/Me6TREN retards further growth as the dormant polymer 
state is favoured. It was reported by Percec and coworkers,100 that while the 
disproportion of the Cu(I) complex is facilitated in TFE, TFE does not stabilise the 
Cu(0) nanoparticles produced similarly to dipolar aprotic solvents like DMSO, 
resulting in aggregation and poorer polymerisation kinetics. The same group 
reported the use of binary mixtures of fluorinated solvents with DMSO of a series of 
hydrophobic and hydrophilic monomers.97 They concluded that there was a 
cooperative and synergistic effect when binary mixtures with DMSO were used, 
providing excellent control over molecular weight, even for high molecular weight 
polymers (DPn 10,000). Although the fluorinated solvents were shown to completely 
solubilise both the monomer and polymer and facilitate the disproportionation of 
the Cu(I)Br/Me6TREN complex, they observed the polymerisations of hydrophobic 
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monomers in TFE and TPA alone proceeded at a drastically slower rate and reached 
limited conversion. It would be of interest to investigate such binary mixtures in 
future studies.  
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Figure 3.31 (a)–(d) Kinetic plots monitoring the polymerisation of tBA by SET-LRP in TFE in 
the absence (–) and presence () of 1 % (w/w) SiP-Br. Reaction Conditions: 
[tBA]:[EBiB]:[MeTREN] = 250:1.00:0.10, tBA = 4.0 mL, TFE = 2.0 mL, 50 °C. Glacial acetic acid 
activated copper(0) wire (3.0 cm, 1 mm diameter). 
 
Despite the deviation from first order kinetics after 60 % conversion (Figure 
3.31 (d)), the molecular weight remained in agreement with the theoretical 
molecular weight (Figure 3.31 (c)). The molecular weight distribution at low 
conversion was very broad, 2.6 and 2.0 in the absence and presence of the initiator-
fixed silica nanoparticles respectively. This observation supports our previous claims 
that a pre-equilibrium stage exists where there is not a sufficient amount of Cu(II) 
deactivator present to impart control during the initial stages of the polymerisation. 
This is in agreement with reports by Percec and coworkers100 that suggest the 
disproportion of Cu(I) generated in situ is not as efficient in TFE compared with 
(a) (b) 
(c) (d) 
3.3 Results and Discussion  
145 
 
DMSO and other dipolar aprotic solvents which form more stable Cu(II) complexes 
from extensive UV-Vis studies. The presence of a hydrophobic monomer such as 
tBA is expected to exacerbate this, since the Cu(II)Br2/Me6TREN complex is not 
stable in non-polar media such as hexane and toluene. We can further support this 
claim by comparing the size exclusion chromatograms of this system with our 
previous studies investigating MA which displayed much lower dispersities at low 
conversion (Section 3.3.1). As such, the polymerisation proceeds in an uncontrolled 
fashion until enough deactivator is generated. An interesting point to mention is 
that while this system is clearly very poorly controlled initially, the rate the 
dispersity decreases is more rapid in comparison to any of the optimised systems 
involving methyl acrylate. 
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Figure 3.32 DLS results showing the (a) Z-average intensity size distributions of SiP-g-PtBA and 
(b) the Dh and PDI with increasing monomer conversion targeting a DPn of 250. Measurements 
recorded in a dilute dispersion in DCM at 25 °C. 
 
The hydrodynamic size increased with monomer conversion (Figure 3.32). 
This observation together with the narrow polydispersities, ranging from 0.125 at 
low conversion to 0.049 at 60 % conversion, indicates the SIP proceeded in a living 
fashion. The control over the core–shell particle size improved with time until 60 % 
conversion, in a similar fashion to the free polymer generated in solution. This result 
indicates the kinetics from the surface-bound initiators mimics that from the free 
initiator. In both cases, stirring became tentative after 60 % conversion was 
reached due to the increased viscosity of the reaction medium at high monomer 
conversion. This was accompanied by a slight rate decrease as discussed above.  
(a) (b) 
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From the measured hydrodynamic size of the core–shell particles, the SIP 
appeared to plateau between 60 and 100 min, after which time the solution was 
observed to become noticeably more viscous. This observation was accompanied by 
renewed growth from the surface-bound polymer chains as suggested from the 
increased hydrodynamic size of the core–shell particles after 148 min. This is 
indicative of the surface gel or Trommsdorff Effect whereby uncontrolled growth 
occurs due to localised heating in high viscosity environments as discussed 
previously. However, since the particle growth is not significant in combination with 
the decreasing radical concentration observed in solution (Figure 3.31 (d)) may 
indicate enhanced free polymer-bound polymer termination. This would also 
explain the increase in particle PDI after 60 % monomer conversion. It is also 
important to comment here that the apparent size of the particles at low monomer 
conversion is significantly greater than the core diameter. It is difficult to compare 
hydrodynamic sizes to the true size due to possible aggregation of the particles in 
TFE, which may be a consequence of the solvent exchange process before 
polymerisation resulting in significant aggregation of the initiator-fixed particles. 
Screening effects may also be important. This means that the hydrodynamic size 
cannot be compared to the compact and fully-extended core–shell model.  
The thermolysis profiles of the PtBA-grafted core–shell particles with 
increasing monomer conversion presented in Figure 3.33 (a) indicate that there is a 
delay in the activation of the surface-bound initiators compared to the free initiator 
in solution, similar to our previous results. The thermograms clearly show that no 
polymer is chemically grafted to the particles despite detecting free polymer in 
solution, with no degradation between 200 and 300 °C associated with the tert-
butyl ester side-chain of the synthetic polymer observed within the first 30 min.  
From the grafting density (Figure 3.33 (b)), it is clear that the activation and 
growth of polymer from the bound-initiators does not proceed within the first 
12 min. However, there is clearly polymer grafted after 13 % conversion, which is 
earlier than observed for MA. The faster surface-initiation may be a product of the 
reduced viscosity of the system compared to the highly viscous DMSO used to 
polymerise MA allowing more effective diffusion of the initiator-fixed particles to 
the catalyst surface. It may also be a consequence of the polymerisation kinetics. 
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The polymerisation becomes controlled more rapidly in this system when compared 
to MA, as shown by the rate at which the dispersity of the free polymer decreases 
with increasing conversion. 
 
100 200 300 400 500 600 700
   SiP-g-PtBA
8
   SiP-g-PtBA
32
   SiP-g-PtBA
93
   SiP-g-PtBA
141
   SiP-g-PtBA
157
 
 
D
e
ri
v
a
ti
v
e
 W
e
ig
h
t 
L
o
s
s
 
(%
 o
C
-1
)
Temperature (
o
C)
0
20
40
60
80
100
 
W
e
ig
h
t (%
)
 
 
 
0 40 80 120 160
0.0
0.5
1.0
1.5
2.0
2.5
 
 
G
ra
ft
in
g
 D
e
n
s
it
y
, 
 (
c
h
a
in
s
 n
m
-2
)
Time (min)
 
Figure 3.33 (a) TGA and corresponding DTG curves of SiP-g-PtBA with increasing monomer 
conversion (solid curves) in comparison to SiP-Br (broken black curve) and free PtBA (broken 
red curve), and (b) grafting density with time comparing the raw data (□) with residual organic 
matter (■). 
 
After the surface-bound initiators are activated, the grafting density 
increases rapidly to a maximum value of 0.43 chains nm–2 at 62 % conversion. The 
grafting density is significantly lower than achieved with methyl acrylate, typically 
achieving grafting densities between 0.7–0.8 chains nm–2 at high monomer 
conversion. This deviation may indicate a discrepancy between the properties of 
the free polymer and grafted chains (i.e. dissimilar kinetics). However, the DLS 
results suggested the growth from the particles was fairly uniform with monomer 
conversion, suggesting the SIP proceeded in a living fashion similar to the free 
polymer. Since the grafting density reached a steady value rapidly, poorer initiation 
efficiency from the particles is unlikely. However, the grafting density calculations 
are based on the assumption the free polymer is a good representation of the 
bound polymer. To conclusively elucidate whether this is the case, cleavage of the 
grafted polymer for analysis by size exclusion chromatography would be warranted. 
However, from the ratio of organic to inorganic material shown in Figure 3.34, it is 
clear the polymerisation from the particles occurs quickly in the polymerisation 
medium, with only a slight delay in comparison to the free initiator. This indicates 
that initial activation early in the polymerisation occurs directly from the copper(0) 
wire surface which is diffusion limited.  
(a) (b) 
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Figure 3.34 Weight fraction of PtBA to silica () in comparison to the theoretical number average 
molecular weight of the free polymer (…) with increasing monomer conversion before (a) and 
after (b) accounting for grafting density. 
 
Since the less viscous medium used in this system facilitates easier 
diffusion and hence faster access to the catalyst surface, it is feasible that the 
activation of the bound-initiating groups is not uniform. The few bound-initiators 
that are activated would then propagate at the same rate as the free polymer in 
solution. Such that when the highly reactive Cu(0) nanoparticles are formed and 
dispersed throughout the reaction medium, growth can only occur from the already 
activated initiating groups as the polymer already grafted to the surface would 
make the initiating sites located at the surface less accessible due to sterics, similar 
to the grafting-to approach where preformed polymers are attached to 
complementary functionalities decorating the particle surface. The bulky tert-butyl 
pendant groups would also exacerbate this, preventing access to the surface-fixed 
initiating groups or active chain ends for further polymerisation once covalently 
anchored to the silica nanoparticle. As such, lower grafting densities are achieved 
when performing the surface-initiated single-electron transfer living radical 
polymerisation from initiator-fixed silica nanoparticles of tBA due to a lower 
viscosity and sterics. 
Despite the limited surface graft density obtained, which may have 
implications in preparing thick polymer coatings desirable for specialty applications 
such as photonic band-gap materials, the grafting density remains relatively 
constant throughout the polymerisation indicating that the grafted polymers were 
activated together, as such the core–shell material should be well-defined.  
(a) (b) 
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On comparing the growth of organic material from the inorganic core with 
the growth of free polymer in solution with increasing conversion (Figure 3.34 (a)), 
we can see the initiation from the bound initiators occurs very early compared to 
previous systems studied in DMSO. The grafted polymer grows linearly with 
conversion at the same rate as the free polymer in solution (Figure 3.34 (b)), 
confirming that the SIP proceeds in a living fashion. 
Scanning transmission electron micrographs confirmed the preparation of 
core–shell structures as shown in Figure 3.35, with an average shell thickness 
increasing with monomer conversion, in good agreement with those calculated for 
a collapsed polymer shell using the compact core–shell model (Table B.4, Entry 2). 
Deviation at low conversion from the compact core–shell model is likely due to the 
formation of poorly defined arrays due to poorer control in the early stages of the 
polymerisation, and may also be a result of electrostatic repulsion between 
negatively charged silica, as such the discrepancy may be a result of an inherent 
limitation of the calculation method that relies on averaging length scales over 
colloidal arrays formed by simple drop-casting. The size of the core–shell particles 
do not vary significantly in the dry state where a collapsed conformation is adopted 
over the large range of graft lengths examined over the course of this 
polymerisation, substantiating the polymer chemists need to prepare polymer 
brushes with exceptionally high grafting densities and ultrahigh molecular weights.  
 
 
Figure 3.35 Electron micrographs of PtBA-grafted silica nanoparticles (diameter 130 nm) in order 
of increasing monomer conversion with number average molecular weights of free polymer of (a) 
4300, (b) 18200 and (c) 20300 g mol–1. Images recorded using a STEM detector in bright field 
mode. Images inverted for continuity to common dark field images observed. Scale bar 
represents 200 nm. 
 
In this work, we aimed at exploring and elucidating whether SET-LRP can 
be applied to graft a range of synthetic polymers from solid supports using a 
(a) (b) (c) 
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grafting-from approach over a large range of chain lengths to allow the properties 
of these core–shell structures to be precisely tuned. This outcome would determine 
whether SET-LRP could be added to the toolbox available to chemists in a range of 
fields and have immense implications in furthering the progress and applications of 
core–shell structures. We observed in the previous system, that the core–shell 
structures prepared were well-defined and the SIP proceeded in a living fashion. 
However, the materials reached a limited grafting density of 0.43 chains nm–2 at 
high monomer conversion which would most definitely limit the shell size 
achievable.  
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Figure 3.36 (a)–(d) Kinetic plots monitoring the polymerisation of tBA by SET-LRP in TFE in 
the absence (–) and presence () of 1 % (w/w) SiP-Br. Reaction Conditions: 
[tBA]:[EBiB]:[MeTREN] = 370:1.00:0.33, tBA = 4.0 mL, TFE = 2.0 mL, 50 °C. Glacial acetic acid 
activated copper(0) wire (6.0 cm, 1 mm diameter). 
 
Accordingly, in a similar fashion to MA, we explored the possibility of 
generating high molecular weight PtBA grafts from initiator-fixed silica 
nanoparticles moving from 250 to 370 monomer units. The reaction conditions used 
(a) (b) 
(c) (d) 
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and stoichiometric ratios of reagents used are summarised in Table 3.2, Entry 3. The 
ligand concentration and copper(0) wire length were increased from the previous 
system to ensure the polymerisation proceeded at a similar rate and to effectively 
ligate the copper species upon dilution. The kinetic results in the presence and 
absence of initiator-fixed silica nanoparticles are shown in Figure 3.36 (a)–(d).  
In both the absence and presence of silica nanoparticles, the 
polymerisation proceeded in two stages as seen in the conversion versus time plot 
and the semilogarithmic plot, Figure 3.36 (a) and (d), respectively. The 
polymerisation proceeds rapidly in the first regime, reaching over 70 % conversion 
within 80 min. The viscosity of the reaction mixtures was observed to increase 
dramatically during this time which made sampling very difficult, and stirring 
became tentative. Following this, a dramatic decrease in the polymerisation rate 
was observed. Despite this deviation, the molecular weight follows a linear trend, in 
good agreement with the theoretical molecular weight and the polymerisation is 
well controlled with dispersities of 1.1 at high conversion. This system also exhibited 
better control than the previous system with initial dispersities below 1.6, 
attributed to the presence of additional Me6TREN to stabilise the Cu(II) complex and 
facilitate the effective disproportion of the Cu(I) generated in situ. This result 
together with the sustained pale yellow colour throughout the course of the 
polymerisation implies the decreased rate is likely attributed to the highly viscous 
reaction medium rather than the loss of chain-end functionality through 
bimolecular termination. 
The rate within the second regime is significantly higher in the presence of 
the initiator-fixed silica nanoparticles than in the homopolymerisation. 
Furthermore, after 200 min there appears to be renewed growth in the presence of 
the functionalised particles credited to the Trommsdorff Effect, more pronounced 
in the presence of particles due to localised heating in a more viscous medium.  
The hydrodynamic diameter of the PtBA-grafted silica nanoparticles 
increased with monomer conversion with narrow polydispersities maintained 
throughout the polymerisation (Figure 3.37). These results indicate the polymer 
growth from the surface is occurring in a controlled fashion. The particle diameter 
appears to be increasing at a decreasing rate, reaching a plateau after 
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approximately 80 % monomer conversion. This may indicate the growth from 
particle initiating sites is decreasing with increasing monomer conversion as a 
consequence of the loss of chain end functionality through bimolecular termination 
of the bound polymer chains with free polymer, or the grafted polymer may adopt a 
collapsed conformation due to the polarity of the system changing with monomer 
consumption or due to steric repulsion. The conformation adopted may impact 
whether the living ends are accessible for continued growth.  
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Figure 3.37 DLS results showing the (a) Z-average intensity size distributions of SiP-g-PtBA and 
(b) the average Dh and PDI with increasing monomer conversion targeting a DPn of 370. 
Measurements recorded in a dilute dispersion in DCM at 25 °C. 
 
The relative amount of grafted polymer to silica determined from 
thermolysis (Figure 3.38 (a)) indicates the surface-bound initiators were not 
activated until 21 % of the monomer was consumed by the free initiators in 
solution. The growth from the surface-fixed initiators coincides with the drastic 
reduction in dispersity of the free polymer from 1.5 to 1.04. The improved control 
results from the spontaneous disproportionation of the Cu(I)Br complex to a 
significant extent that enough deactivator is generated to reversibly cap the 
propagating radicals to produce a self-sustaining system whereby activation occurs 
from the “nascent” Cu(0) nanoparticles and the Cu(I) generated undergoes 
disproportion to the Cu(0) and the deactivator.  
 
(a) (b) 
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Figure 3.38 Weight fraction of PtBA to silica () in comparison to the number average molecular 
weight of the free polymer (–) with increasing monomer conversion before (a) and after (b) 
accounting for grafting density. 
 
The rate of initiation and propagation was accelerated in the presence of a 
higher ligand concentration and increased Cu(0) wire drastically compared to the 
previous system. The delay in initiation from the particles can be attributed to the 
rapid polymerisation of the free initiator resulting in a highly viscous system that 
prevented the diffusion of the particles to the catalyst surface for activation. This is 
conclusive since the polymer grafts begin to grow at the same time control is 
achieved i.e. Cu(II) is generated to reversibly capture propagating radicals, 
accompanied by the production of Cu(0) nanoparticles that would be dispersed 
throughout the reaction medium mediating the polymerisation from the surface of 
the particles. Activation directly from the “nascent” copper(0) nanoparticles rather 
than the copper wire resulted in the simultaneous activation of the surface-bound 
initiators, facilitating the uniform growth from the particles at the same rate as the 
free polymer in solution (Figure 3.38 (b)). This was accompanied by a comparable 
grafting density to MA of 0.75 chains nm–2 at high monomer conversion.  
The formation of a core–shell structure was confirmed by electron 
microscopy (Table B.4, Entry 3, Figure 3.39). The average shell thickness increased 
with monomer conversion. Though, the shell structures are not as well-defined as in 
the previous systems investigated, with clear evidence of interparticle coupling as 
indicated in Figure 3.39. While in the previous systems explored, the Trommsdorff 
Effect was confined primarily to the surface of the particles, in this system it was 
clearly observed in the polymerisation solution (Figure 3.36 (d)). In addition, the  
(a) (b) 
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SiP-g-PtBA core–shell materials formed disordered arrays indicating they are poorly 
defined and would not be suitable to prepare advanced materials such as colloidal 
crystals by self-assembly. Better control may be accomplished by decreasing the 
copper(0) wire length. This would reduce significant activation of dormant chains 
throughout the course of the polymerisation. The presence of the Cu(0) wire in 
addition to the “nascent” Cu(0) nanoparticles is similar to the addition of a free 
radical initiator (FRI) in ICAR ATRP. The FRI added continuously generates radicals 
throughout the polymerisation to reduce the Cu(II)Br2/L to Cu(I)Br/L by the 
abstraction of a bromine atom. Only a certain amount of Cu(II) can be stabilised and 
solubilised in the solvent system used and the quantity of ligand added. As such it 
will either inhibit the disproportion of Cu(I), meaning any additional direct 
activation from the Cu(0) wire will result in an equal quantity of chain end 
functionality being lost,142 or the disproportion of Cu(I) generated from the direct 
activation from the surface will result in an increasing concentration of highly 
reactive “nascent” Cu(0) nanoparticles and the deactivator will precipitate out of 
solution resulting in significant termination events.    
 
 
Figure 3.39 Electron micrographs of PtBA-grafted silica nanoparticles (diameter 130 nm) in order 
of increasing monomer conversion with number average molecular weights of free polymer of (a) 
1400, (b) 14800 and (c) 39700 g mol–1. Images recorded using a STEM detector in bright field 
mode. Images inverted for continuity to common dark field images observed. Scale bar 
represents 200 nm. 
 
Despite the poor control achieved in this system, the potential to generate 
higher molecular weight polymer grafts with a high grafting density was 
demonstrated. As such, we attempted a higher molecular weight of 745 monomer 
units. The reaction conditions are summarised in Table 3.2, Entry 4. This system was 
significantly more sensitive to oxygen, sampling proved very troublesome no matter 
what precautions were taken to reduce the risks of exposure to air including back-
(a) (b) (c) Cross-linking Cross-linking 
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filling the Schlenk flask with nitrogen between each freeze-pump-thaw cycle, 
performing the polymerisation under argon and using separate vials. Generally, 
when the polymerisation was left without interference, a highly viscous and pale 
yellow solution was obtained, otherwise the polymerisation ended prematurely and 
exhibited a very intense green colouration due to the presence of very high 
concentrations of Cu(II)Br2 complexes. The kinetic results obtained from analysis by 
1H NMR and SEC are summarised in Figure 3.40 (a)–(b).  
The kinetics resemble the previous system investigated where two stages 
were observed. However, the first stage proceeds much slower due to the smaller 
quantity of copper(0) wire added to initiate the polymerisation as shown in Figure 
3.40 (a). The system exhibited good control reaching a dispersity of 1.1 at high 
conversion and the molecular weight increased with monomer conversion in 
accordance with the expected molecular weight from the monomer conversion 
assuming 100 % initiation efficiency. A slight positive deviation at high conversion is 
observed, which may indicate the loss of chain-end functionality.   
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Figure 3.40 (a)–(d) Kinetic plots monitoring the polymerisation of tBA by SET-LRP in TFE in 
the absence (–) and presence () of 1 % (w/w) SiP-Br. Reaction Conditions: 
[tBA]:[EBiB]:[MeTREN] = 745:1.00:0.84, tBA = 4.0 mL, TFE = 2.0 mL, 50 °C. Glacial acetic acid 
activated copper(0) wire (4.0 cm, 1 mm diameter). 
 
The reaction proceeded at a higher rate in the presence of particles, a 
consequence of localised heating due to a higher viscosity medium. This is 
supported by the poorer control observed in this system in comparison to the 
polymer formed in the absence of particles. The limited conversion may arise from 
exposure to oxygen. However, a green colouration was observed before sampling.  
(a) (b) 
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As expected from the SIP of tBA targeting a chain length of 250 monomer 
units, when the solution polymerisation proceeds at a slower rate, the 
polymerisation medium allows the initiator-fixed particles access to the copper(0) 
wire surface, resulting in uneven activation of the bound initiators and lower 
grafting densities. This was similarly observed in this system, with a maximum 
grafting density of 0.59 chains nm–2. Despite this, the core–shell particles appeared 
to be well-defined as evidenced by the electron micrographs shown in Figure 
3.41 (a)–(d) with increasing monomer conversion, with an average shell thickness of 
(39.4 ± 6.1) nm achieved at high conversion.  
 
 
Figure 3.41 Electron micrographs of PtBA-grafted silica nanoparticles (diameter 130 nm) in order 
of increasing monomer conversion with number average molecular weights of free polymer of (a) 
6400, (b) 68900 and (c) 70800 g mol–1. TEM images recorded in dark field mode. Scale bar 
represents 200 nm. 
 
While there were several additional challenges to prepare PtBA-grafted 
silica nanoparticles with a high grafting density via surface-initiated single-electron 
transfer living radical polymerisation, we did show that it is possible to polymerise a 
hydrophobic monomer, tBA, via this technique. In order to effect a greater degree 
of control over the core–shell structures will require significant optimisation of the 
reaction conditions, more so in the presence of functionalised colloidal particles. 
The reaction parameters must be fine-tuned to ensure disproportion is rapid, but 
direct activation from the copper wire is slow to ensure the initiation from the 
particles is simultaneous to achieve high grafting densities and limit interparticle 
coupling. This may require the use of much smaller quantities of copper wire, 
resulting in a significant reduction in polymerisation rate.  
 
(a) (b) (c) 
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3.3.3 Exploring the Versatility of SET-LRP to Prepare Silica–Polymer 
Hybrid Materials  
Polymers bearing acidic moieties such as PAA are of great interest in a variety of 
fields. They are compatible with biological and aqueous environments, they are 
suitable candidates to prepare “smart” materials responding to changes in pH, and 
can be conjugated to biologically active molecules such as drugs or dyes through 
simple carbodiimide coupling due to the pendant carboxyl groups.143 This sees 
applications ranging from drug delivery, controlled-release coatings, biomolecule 
immobilisation, sensors and membrane transport.143 However, there are few 
reports where carboxylic acid moieties are anchored onto the core material directly 
in a controlled manner, since acidic monomers are generally not compatible with 
metal-mediated polymerisations such as SET-LRP.143 Brittain and coworkers64 
reported the preparation of PtBA brushes from the surface of a silicon wafer by SI-
ATRP, followed by pyrolysis by heating at 200 °C. This has been similarly reported by 
Genzer30 and coworkers using acid hydrolysis in 1,4-dioxane and HCl under reflux 
for 5 h. Zhao and coworkers144 prepared V-shaped homopolymer brushes from a Y-
shaped initiator through sequential polymerisation of tBA by SI-ATRP followed by 
styrene by SI-NMP to prepare environmentally responsive amphiphilic silica 
nanoparticles. The tert-butyl ester was transformed using iodotrimethylsilane 
(TMSI). Benicewicz and coworkers143 reported the polymerisation of tBMA from 
silica nanoparticles functionalised with CPDB, cleaving the tert-butyl group using 
TMSI to yield well-defined particles. The same group also reported coating silica 
nanoparticles with a well-defined monolayer of controlled grafting density of 
carboxylic acid residues to the surface through a ring-opening with succinic 
anhydride from amine-functionalised silica nanoparticles. Charpentier and 
coworkers145 anchored a carboxylic acid-functionalised RAFT agent to the surface of 
TiO2 nanoparticles followed by SI-RAFT of acrylic acid. Poly(6-(acrylamide)hexanoic 
acid-grafted silica nanoparticles were also reported by Inoue and coworkers.146 Due 
to hydrophobic interactions between the pendant chains the particles flocculated at 
lower pH, but were dispersible at higher pH due to electrostatic repulsion of the 
carboxylate ions. 
 
3.3 Results and Discussion  
158 
 
Table 3.4 Summary of results for the preparation of PAA-coated silica nanoparticles by hydrolysis 
of tert-butyl ester groups decorating PtBA-coated silica nanoparticles prepared using SI SET-
LRP (Table 3.2, Entry 2). 
  1H NMRa TGAb DLSc STEMd 
Material DPn,th 
Mn,th 
(g mol–1) 
Residue 
(%) 
Adjusted 
Residue 
(%) 
σ 
(nm–2) 
Dh 
(nm) 
PDI 
?̅? 
(nm) 
𝑙 ̅
(nm) 
SiP-g-PtBA 157 20286 65.9 74.1 0.43 320 ± 1 0.094 155 ± 3 12 ± 2 
SiP-g-PAA 157 11508* 69.4 78.1 0.61 231 ± 4 0.095 155 ± 10 13 ± 5 
a 1H NMR was performed in CDCl3. DPn,th = ([tBA]0/[EBiB]0  conversion)/100. Mn,th = (DPn,th  MWtBA)+MWEBiB. *Mn,th (PAA) = 
[DPn,th (PtBA)  MWAA] + MWEBiB. 
bDetermined by thermolysis (700 °C, O2 atm). Equation (3.1) was used to calculate the grafting density, σ, accounting for the ROM.  
cDLS measurements were recorded on a dilute dispersion (DCM, 25 °C).  
dThe average centre-to-centre distance, ?̅?, and average shell thickness, 𝑙,̅ were determined using SEM under transmission mode. 
 
The preparation of acrylic acid coated silica nanoparticles was achieved by 
a polymerisation and deprotection approach since acidic functionalities are 
incompatible with metal-mediated polymerisation techniques.143 tBA was first 
polymerised from the initiator-fixed silica nanoparticles targeting a degree of 
polymerisation of 250 monomer units (Table 3.2, Entry 2(ii)). The PtBA-grafted silica 
nanoparticles were then collected and washed by multiple centrifugation-
redispersion cycles with DCM to remove the free polymer. The free polymer was 
collected by concentrating the supernatant for further characterisation. The tert-
butyl ester groups were then hydrolysed by the addition of trifluoroacetic acid 
(TFA). After 24 h, the PAA-coated silica nanoparticles were collected and washed by 
centrifugation-redispersion cycles with methanol. The properties of the polymer-
coated silica nanoparticle before and after hydrolysis are summarised in Table 3.4. 
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Figure 3.42 (a) DRIFTS spectra and (b) TGA chromatograms of SiP-Br (black curve) and PtBA-
grafted silica nanoparticles before (blue curve) and after hydrolysis (orange curve). 
 
(a) (b) 
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Deprotection of the tert-butyl groups was confirmed by infrared 
spectroscopy and thermal gravimetric analysis as shown in Figure 3.42 (a) and (b) 
respectively. The IR spectra were normalised using the characteristic peak of silica 
at 1200 cm–1. The successful deprotection of the tert-butyl ester groups is 
indicated by the broadening and increased intensity at around 3000 cm–1 associated 
with the carboxylic hydroxyl group and the broadening of the carbonyl stretch at 
1700 cm–1. The successful preparation of PAA-coated silica nanoparticles was 
confirmed by the appearance of a degradation between 100 and 200 °C typically 
observed for carboxylic groups, and the complete disappearance of the degradation 
between 200 and 300 °C associated with the tert-butyl ester groups.  
The PAA-coated silica nanoparticles dispersed well in alcohols and water, 
but were no longer dispersible in organic solvents such as DCM, clearly seen by the 
precipitation from the reaction media after a few hours. The polymer grafts 
accounted for 29.9 % of the hybrid material, reduced by 4 % with the loss of tert-
butanol. The grafting density is 0.61 chains nm–2 assuming 100 % hydrolysis.  
Despite DLS indicating the particles were well-defined, with a narrow 
dispersity, the electron micrographs suggest that the polymer shell has detached 
from the silica core with the appearance of voids (Figure 3.43 (b)). Significant 
agglomeration was also observed. It was expected that the core would not be easily 
accessible, and as such the ester function linking the initiator to the surface would 
not be vulnerable to hydrolysis, particularly with the precipitation of the material 
once a significant portion of the pendant groups had been hydrolysed.  
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Figure 3.43 (a) Dynamic light scattering and (b) electron micrograph of PAA-coated silica 
nanoparticles. Scale bar represents 200 nm. 
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The PAA-coated silica nanoparticles were solvent-exchanged to water to 
investigate their behaviour in response to variations in pH. Figure 3.44 shows the 
zeta potential of the SiP-g-PAA with increasing pH. The functionalised particles 
remain negatively charged over the pH range examined, becoming increasingly 
negative with increasing pH associated with the increasing deprotonation of the 
carboxylic acid group with increasing basicity. 
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Figure 3.44 Zeta potential of PAA-coated silica nanoparticles with increasing pH. 
 
In the previous Sections we demonstrated that under optimal conditions, a 
heterogeneous catalytic system can be used to mediate the controlled growth of 
polymer chains from surface-bound initiating groups using MA and tBA over a range 
of molecular weights. We then showed that carboxylate functions could be 
introduced by the deprotection of PtBA-coated silica nanoparticles by acid 
hydrolysis. In this section we will show preliminary results that aim to elucidate the 
capacity and the limitations of SET-LRP in the preparation of well-defined core–shell 
structures with tuneable properties for the design and engineering of advanced 
materials. The SIP of n-butyl acrylate (nBA), N,N-isopropylacrylamide (NIPAAm) and 
styrene (S) were attempted using a ratio of monomer to free initiator of 250. The 
reaction conditions used are given in Table 3.3, and the properties of the core–shell 
materials prepared are summarised in Table 3.5. In all cases the polymerisation was 
quenched after 24 h and the polymer-coated silica nanoparticles collected and 
washed by repeated centrifugation-redispersion cycles into a suitable solvent. 
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Table 3.5 Results for the SIP of nBA, NIPAAm and S from SiP-Br in the presence of free initiator 
by SET-LRP. Reaction conditions are summarised in Table 3.3, Entry 1-3. 
 1H NMRa SECb TGAc DLSd STEMe 
 %C DPn,th 
Mn,th 
(g mol–1) 
Mn 
(g mol–1) 
Mw 
(g mol–1) 
Ð 
Adj.  
Residue 
(%) 
σ 
(nm–2) 
Dh 
(nm) 
PDI 
?̅? 
(nm) 
𝑙 ̅
(nm) 
nBA 49 123 16000 20600 21800 1.06 82.6 0.33 259 ± 2 0.05 141 ± 5 5 ± 3 
NIPAAm 20 52 6100 39000 110700 2.8 81.1 0.15-0.94* 284 ± 3 0.03 145 ± 4 8 ± 2 
S 67 169 17800 19100 20900 1.1 93.5 0.09 216 ± 1 0.11 143 ± 4 7 ± 2 
 
a 1H NMR was performed in CDCl3. DPn,th = ([M]0/[EBiB]0  conversion)/100. Mn,th = (DPn,th  MWM)+MWEBiB. 
bMn, Mw and Ð were determined by using THF at 40 °C (PnBA, PS) and DMF at 50 °C (PNIPAAm) as eluent against PS standards. 
cDetermined by thermolysis (700 °C, O2 atm). Equation (3.1) was used to calculate the grafting density, σ, accounting for the ROM  
dDLS measurements were recorded on a dilute dispersion in DCM (SiP-g-PnBA),  EtOH (SiP-g-PNIPAAm) and THF (SiP-g-PS).  
eThe average centre-to-centre distance, ?̅?, and average shell thickness, 𝑙,̅ were determined using SEM under transmission mode. 
*Grafting density determined from theoretical molecular weight based on monomer conversion and Mn,SEC. 
 
PnBA brushes have been thoroughly explored on a diverse range of 
substrates due to its desirable elastomer properties. Carrot et al.55 used SI-ATRP to 
graft PnBA brushes from 12 nm silica nanoparticles to form nanocomposites 
consisting of a hard core embedded in a soft matrix. This structure exhibited 
superior mechanical properties than a simple binary system and the elastomer 
properties of the polymer shell facilitated the formation of films. Parvole et al.147 
reported the preparation of PnBA brushes using SI-NMP from a silicon wafer 
decorated with azo initiators (AMCI and ATCl) in the presence of acyclic β-
phosphonylated nitroxide, which facilitated the controlled growth from the surface-
bound initiators and the sacrificial initiator in solution. They achieved coatings 
spanning 4 to 14 nm thick, corresponding to chain lengths between 29 and 162 
monomer units. They also showed that this method allowed the properties to be 
fine-tuned by the formation of block copolymers demonstrating the living nature of 
the chain ends.  
 
 
Figure 3.45 (a) Scanning transmission electron micrographs of PnBA-grafted silica nanoparticles 
(diameter 130 nm), in comparison to (b) the corresponding scanning electron micrographs. 
STEM images were recorded in bright field mode and have been inverted for continuity to 
commonly used dark field images. Scale bar represents 200 nm. 
(a) (b) 
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The SIP of nBA was carried out according to the procedure outlined in 
Section 3.2.7.1, under the same conditions used to polymerise MA. While the 
polymerisation only reached 49 % after a period of 24 h, the free polymer and the 
core–shell particles produced were well-defined, as evidenced by their narrow 
distributions and clearly defined core–shell structure observed by electron 
microscopy (Figure 3.45).  
The limited conversion reached can be attributed to the accumulation of 
the deactivating species very early in the polymerisation, indicated by the 
development of an intense green colour. The self-sustaining mechanism that relies 
on the spontaneous disproportionation of the Cu(I)Br/Me6TREN complex formed in 
situ from the direct activation of the alkyl halide initiator is likely to be significantly 
slower in nBA in comparison to MA as it is more hydrophobic. This results in a large 
local influx of radicals at the copper(0) wire surface leading to a significant amount 
of bimolecular termination and the accumulation of Cu(II)Br2. Consequently, the 
polymerisation rate is drastically reduced and a limited conversion achieved since 
the non-propagating or dormant state is favoured at high deactivator 
concentrations. It would be of great interest to investigate the use of binary 
mixtures of TFE and DMSO for the SI SET-LRP of nBA since Percec and coworkers98 
reported the successful synthesis of PnBA to very high molecular weight (DPn 
10,000) with rapid kinetics in 2013.  
Materials that respond to an external stimulus (i.e. pH, temperature, ionic 
strength etc.) have attracted considerable attention to generate new classes of 
“smart” materials, with potential applications in a diverse range of fields from 
controlled drug delivery to separation.33 A favourite material frequently used and 
investigated is PNIPAAm which shows a well-defined volume phase transition 
temperature at 32 °C. Mu et al.66 used a silica nanoparticle sacrificial template to 
prepare a temperature and pH dual responsive cross-linked nanocapsule via the 
sequential SI-ATRP of tBA and NIPAAm in the presence of a crosslinker, following by 
the removal of the silica core by HF etching and the subsequent hydrolysis of the 
tert-butyl groups to acrylic acid catalysed by TFA. The PNIPAAm crosslinked shell 
conferred thermosensitivity to the hybrid material, while the PAA brushes 
decorating the inner walls of the nanocapsule provided the pH-responsive character 
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for a controlled drug loading and release switch. Zhou et al.65 reported the 
preparation of amphiphilic Janus silica nanoparticles with PNIPAAm and poly(ε-
caprolactone) brushes that exhibited thermally-induced assembly. The preparation 
of inorganic-organic core–shell particles based on PNIPAAm and silica have been 
prepared via a range of techniques for a range of applications. There have been no 
reports exploiting SET-LRP. Compared to other CLRP techniques available, SET-LRP 
provides access to a much larger polymeric shell to effectively tune the material 
properties. In addition, the self-assembly of core–shell structures into colloidal 
crystals has immense implications to tune the photonic band-gap by varying the 
temperature.  
Several groups though have reported the application of SET-LRP using Cu(I) 
complexes in disproportionating solvents. Turan et al.148 reported the preparation 
of responsive surfaces using SI SET-LRP from silicon wafers by the in situ generation 
of “nascent” Cu(0) and the Cu(II) deactivator from the disproportionation of added 
Cu(I) in DMF in the presence of 2,2’-bpy. Grafting densities between 0.79 and 1.30 
chains nm–2 were achieved, corresponding to 5.9 and 31.3 nm brush thicknesses 
respectively as determined by ellipsometry. This group observed the controlled 
growth of the polymer brush i.e. polymer chains scaled linearly with time. Recent 
reports imply that metal-mediated polymerisation in polar media such as DMSO in 
the presence of nitrogen-containing ligands alter the mechanism of ATRP, 
suggesting many systems reported in fact proceed via a SET rather than 
conventional ATRP mechanism. However, these systems require the handling of 
Cu(I) salts that are not stable towards oxidation, resulting in the need for more 
vigorous deoxygenation of the reaction mixture, which is more difficult to 
implement in an industrial process. Where zerovalent metals are easier to handle 
and remove. In addition, systems that exploit zerovalent metals can be carried out 
in small amounts of air as there is a continuous source of radicals throughout the 
polymerisation generated from the abstraction of a halogen from either an initiator 
or dormant chain. These radicals can act as scavengers to prevent premature death 
from oxygen exposure, and could also serve to reduce excess Cu(II) to Cu(I).116-118 
Furthermore, under optimal conditions, small amounts of dissolved copper mean 
that extensive purification is not necessary and the copper wire can simply be 
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removed, with the possibility of recycling for multiple experiments, making it a 
more environmentally friendly and industrially viable route compared to 
conventional ATRP systems. So for the purposes of this study, we will restrict our 
discussion to metal-mediated polymerisations in the presence of zerovalent copper 
in powder or wire form.  
PNIPAAm-coated silica nanoparticles were prepared according to the 
procedure outlined in Section 3.2.7.2 targeting a degree of polymerisation of 250 
monomer units, mediated by a copper(0) wire/PMDETA catalytic system (Table 3.3, 
Entry 2). While the polymerisation from the free initiator was poorly controlled with 
a dispersity of 2.8 at 20 % monomer conversion, the core–shell particles were well-
defined with a PDI of 0.03 by DLS. The shell structure appeared to be well-defined, 
encasing the silica core as shown in the electron micrographs in Figure 3.46.  
 
 
Figure 3.46 (a) Scanning transmission electron micrographs of PNIPAAm-grafted silica 
nanoparticles (diameter 130 nm), in comparison to (b) the corresponding scanning electron 
micrographs. STEM images were recorded in bright field mode and have been inverted for 
continuity to commonly used dark field images observed. Scale bar represents 200 nm. 
 
As the preparation of a stimuli-responsive material was desired by the 
incorporation of PNIPAAm onto the silica core, the thermal sensitivity of the 
PNIPAAm-coated silica nanoparticles was investigated by DLS. The change in the 
hydrodynamic size with temperature is shown in Figure 3.47. The volume phase 
transition temperature was determined to be 32 °C from the derivative curve. 
Despite being tethered to a substrate, the PNIPAAm chains were highly sensitive to 
temperature. It should be noted materials that are sensitive to an external stimuli 
based on changes in conformation generally benefit from lower grafting densities.  
The particle size decreases over the entire temperature range examined. 
This implies the PNIPAAm grafts adopt a semi-collapsed state during the 
polymerisation which is heated at 30 °C. Higher local temperatures are also 
(a) (b) 
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expected as a result of the exothermic polymerisation. This may prevent access to 
the living chain ends, resulting in the poor control observed for the free polymer. 
Since SET-LRP has been reported to produce ultrahigh molecular weight polymers at 
ambient temperatures and below, it would be interesting to investigate the kinetics 
of this system at lower temperatures. When the polymerisation mixture was 
quenched by exposure to air, the very pale yellow and slightly viscous solution 
suddenly developed a very dark teal colour. This may indicate a very high 
concentration of Cu(I) in solution, which contradicts the proposed SET-LRP 
mechanism. Oxidised Cu(II) salts however, are also reported to have a different 
colour. At such high Cu(I) concentrations, we would also expect a faster rate of 
polymerisation as in conventional ATRP. The polymerisation rate observed is likely 
associated with inaccessible chain ends due to the collapsed conformation adopted 
by the polymer chains and/or a result of the hydrophobic effect99 whereby the 
hydrophobic polymer backbone forms a coating around the copper wire to 
minimise its interaction with the hydrophilic monomer and hindering further access 
to the catalyst.  
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Figure 3.47 Hydrodyanmic diameter with increasing temperature of PNIPAAm-grafted silica 
nanoparticles (▲) in comparison to initiator-fixed silica nanoparticles (). 
 
Single-electron transfer living radical polymerisation is not as versatile as 
other LRP techniques currently in widespread use, generally restricted to monomers 
with electron withdrawing groups such as acrylates and methacrylates. While 
several groups have attempted to extend this system to other more hydrophobic 
monomers, it is considered to proceed via an alternative mechanism. As such, we 
decided to determine whether it would be possible to carry out a similar 
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polymerisation of a much more hydrophobic monomer, styrene. In 2010,117 our 
group reported the preparation of well-defined PS initiated with EBP using a Cu(0) 
powder/PMDETA catalytic system in toluene at 90 °C. The polymerisation was well 
controlled throughout the course of the polymerisation by the addition of a small 
amount of deactivator, CuBr2, to reversibly deactivate growing radicals at the 
beginning of the reaction. The polymerisation exhibited linear kinetics and reached 
90 % conversion within 24 h, with a corresponding dispersity of 1.2. The control 
obtained using copper(0)-mediated living radical polymerisation of styrene was 
achieved using much lower catalyst concentrations, and proceeded much faster 
than other living radical polymerisation techniques including ATRP. 
 
Figure 3.48 Chemical structure of the (a) ethyl 2-bromopropionate (EBP) in comparison to the 
(b) sacrificial or free initiator, ethyl 2-bromoisobutyrate (EBiB). 
 
The polymerisation in the presence of the initiator-fixed silica nanoparticles 
was carried out as detailed in Section 3.2.7.3. An equivalent surface area of 
copper(0) wire to copper(0) powder (0.45 μm diameter) was used to mediate the 
polymerisation. This was necessary, as the separation of copper(0) particles from 
grafted silica nanoparticles would be a very arduous process. Several other changes 
were made to the reported protocol: Instead of adding the initiator last, the wire 
was introduced last to a degassed mixture of styrene, toluene, the free initiator and 
the initiator-fixed particles. In order to mimic the initiating group fixed to the 
surface, EBiB, rather than EBP was used. The structure of EBiB and EBP are shown in 
Figure 3.48. The copper wire was also not activated in this reaction compared to the 
previous protocols detailed in this report. It should also be noted that while these 
initiator-fixed particles were reported to be stable in toluene, some settling was 
observed after the material was solvent-exchanged from ethanol.  
There were several marked differences observed between the reactions 
mediated by wire compared to the powder. First of all, the reaction mixture in the 
presence of copper wire developed an intense green colour early in the 
(a) (b) 
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polymerisation. The core–shell particles were easily purified by the addition of an 
aqueous solution of EDTA during the washing cycle. Despite the large amount of 
deactivator present in the reaction medium, the free polymerisation proceeded to a 
relatively high conversion, reaching 67.3 % after 24 h. The polymerisation mediated 
using wire proceeded at a slower rate than the polymerisation mediated by 
powder. This deviation is likely a result of a high local concentration of radicals at 
the wire surface rather than being dispersed throughout the reaction medium, 
resulting in a high occurrence of bimolecular coupling and accumulation of Cu(II).  
 
 
 
Figure 3.49 Electron micrographs of PS-grafted silica nanoparticles (diameter 130 nm). STEM 
images were recorded in bright field mode and have been inverted for continuity to commonly 
used dark field images. Scale bar represents 200 nm. 
 
The core–shell structure of the PS-grafted silica nanoparticles can be seen 
in Figure 3.49. While the shell appears well-defined, only very short-range order 
was observed with significant evidence of aggregation. In addition, a very low 
grafting density was achieved compared to the other systems explored of 
0.09 chains nm–2. Based on the significant amount of termination observed from 
the accumulation of Cu(II), we speculate that the grafting density arises from the 
loss of active chain ends throughout the course of the polymerisation.  
In all cases discussed in this section, the polymer graft density at the 
surface of the silica nanoparticle was significantly lower than obtained for MA and 
tBA. Looking closely at the electron micrographs, it is clear that while the shell 
appears well-defined, the particles are compressed, the shell appearing thicker 
around the perimeter. High levels of termination at the beginning of the 
polymerisation may have resulted in early termination of the bound-initiating 
groups, decreasing the number of effective surface initiators to participate in 
controlled growth. Slower initiation than propagation would also have a similar 
(a) (b) (c) 
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effect as discussed in Sections 3.3.2 in the SIP of tBA. Despite the difficulties shown, 
well-defined core–shell structures are accessible with further optimisation. With 
continued interest and research efforts into the development of universal solvents 
that can be used for the synthesis of both hydrophobic and hydrophilic polymers 
alike and more effective ligands to facilitate the disproportionation of Cu(I), the use 
of a heterogeneous catalyst to assist in the preparation of advanced materials 
ultrafast, to ultrahigh molecular weight and under ambient conditions, with little to 
no purification may be approaching.   
 
3.3.4 Preparation of Ultrahigh Molecular Weight Polymer Grafts 
Exploiting SET-LRP to prepare these core–shell materials was predominantly 
motivated by the reported perfect and near-perfect fidelity of the living chain end. 
This would permit the formation of ultrahigh molecular weight polymer grafts as 
well as post-polymerisation modification through either chain-extension with 
another monomer to form stable micelle structures, conjugation to a fluorescent 
tag or drug loading. Our studies have demonstrated that preparing ultrahigh 
molecular weight both in solution and from initiator fixed particles may not be 
achievable. Indeed, the reaction conditions dictated by the initiator structure bound 
to the solid support and/or the solvents required to effectively disperse the 
functionalised particles lead to poorer control than that reported in the literature. 
We therefore decided to examine whether it may possible to build-up the size of 
the grafted polymer by successive chain extensions. This would not only allow 
access to the high molecular weight needed to prepare thick polymer coatings, but 
also prove the livingness of the grafted polymer. Since, we optimised the reaction 
conditions for the polymerisation of MA targeting a degree of polymerisation of 
1000 monomer units, and showed that it was reproducible, we attempted a chain 
extension as outlined in Section 3.2.8. The approach to build-up the shell size is 
depicted in Scheme 3.25.  
From our initial experiments described in Section 3.3.1, the polymerisation 
proceeded in a living fashion and reached 80 % conversion within 120 min. On 
repeating this protocol to prepare the first block of methyl acrylate, the solution 
was noticeably less viscous than in previous studies. However, the solution 
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remained pale yellow throughout the polymerisation, with tentative stirring 
observed towards the end of the polymerisation as the conversion increased. After 
130 min, the polymerisation had only reached 51 % conversion. This reaction 
proceeded at a significantly lower rate than previously observed. This may be 
attributed to more effective stirring in larger diameter vessels, reducing localised 
heating attributed to uncontrolled exothermic polymerisation.  
 
 
Scheme 3.25 Synthetic strategy to build-up long polymer grafts from surface-bound initiators by 
successive block extensions. 
 
The PMA-grafted silica nanoparticles were then collected and washed 
thoroughly by repeated centrifugation-dispersion cycles before being redispersed 
into DMSO for block extension with MA under the same conditions. The solution 
developed an intense green colour soon after initiation, with no observable increase 
in viscosity. It was also noted that the copper surface was markedly different to 
other studies. The copper wire appeared much darker in some regions, while it 
remained very bright and shiny in others. The polymerisation was quenched after 
4 h by exposure to air. Analysis by 1H NMR revealed the polymerisation had 
proceeded to a conversion of 24 %. The poor chain extension may be attributed to 
the presence of residual copper from the first surface-initiated polymerisation. 
The core–shell structure was further investigated using electron 
microscopy before (Figure 3.50 (a)–(c)) and after (Figure 3.50 (d)–(f)) the chain 
extension. After the first block was prepared, the core–shell structure was very 
well-defined. This is supported by the highly ordered long-range hexagonal arrays 
formed. After the chain extension was performed, the long-range order was 
destroyed, forming irregular arrays with varied spacing. As such, successive chain 
extensions seem unattainable in this system.  
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Figure 3.50 (a)–(b) Scanning transmission micrographs showing the structure and uniformity of 
PMA-grafted silica nanoparticles, SiP-g-PMA, in comparison to the (c)–(d) chain-extended SiP-
g-(PMA-b-PMA). 
 
Until now, the conditions chosen to prepare the core–shell materials were 
based on those reported for a standard SET-LRP process for MA. In 2006, Percec 
and coworkers94 reported the synthesis of ultrahigh molecular weight PMA at 20 °C 
in DMSO. Despite multiple attempts to reproduce these experiments, we were 
unable to prepare such high molecular weight polymers reproducibly. The low 
temperature used in the SET-LRP reported in the literature was attractive not only 
because it is more environmentally benign and energy efficient, but in reducing 
unwanted side reactions. In order to effect the controlled growth of PMA from the 
initiator-fixed particles, we attempted the polymerisation at 60 °C. The procedure 
followed is outlined in Section 3.2.9, on Page 105. Two reactions were performed in 
parallel in the presence and absence of 1 % (w/w) functionalised silica 
nanoparticles.  
(a) 
(b) 
(c) 
(d) 
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Figure 3.51 Scanning transmission electron micrographs of PMA-grafted silica nanoparticles 
(diameter 130 nm) targeting a DPn of 5000 monomer units at various magnifications. Images 
recorded under bright field conditions, inverted for continuity. Unless otherwise stated, scale 
bars represent 200 nm. 
 
After 13.5 h the polymerisations were quenched by cooling and exposure 
to air. Both mixtures were highly viscous and pale yellow indicating the formation of 
copper salts in solution. In the presence of silica nanoparticles, the reaction mixture 
had actually formed a gel that could not be dissolved in organic solvents in 
conjunction with sonication. While the formation of a gel is not ideal for our 
intended use of these core–shell particles, it demonstrates the potential to form 
composite materials with well-dispersed inorganic fillers for improved mechanical 
stability. While it was not possible to analyse the gel, it was still possible to collect 
the free core–shell particles for analysis by electron microscopy shown in 
Figure 3.51 (a)–(d) at various magnifications. The samples were prepared by simple 
drop-casting onto a TEM grid. The particles formed highly ordered 2D and 3D arrays 
displaying different packing types indicating the material could be used to prepare 
advanced materials by self-assembly into colloidal arrays for use in photonics. 
(a) (b) (c) 
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 Conclusions and Future Work 3.4
Monodisperse silica nanoparticles (diameter 130 nm) modified with a 
triethoxysilane group bearing an alkyl halide end was used to investigate the 
efficacy of single-electron transfer living radical polymerisation as a facile approach 
towards the controlled growth of highly dense polymer brushes from a spherical 
surface compared to other CLRP techniques available. The grafting-from or surface-
initiated approach was exploited to elicit the high grafting density needed to 
prepare thick polymer coatings from a spherical substrate. Grafting densities up to 
0.8 chains nm–2 were obtained, similar to those achieved by other SI-CLRP 
techniques.6,62,68 
A variety of monomers including methyl acrylate, tert-butyl acrylate, n-
butyl acrylate, N,N-isopropylacrylamide and styrene were investigated to explore 
the versatility and capability of using a heterogeneous catalytic system to effect the 
growth of synthetic polymers from a solid-support in the presence of a sacrificial 
initiator, EBiB. The function of the free initiator in the synthesis of well-defined 
polymer grafts was multifaceted. The free initiator serves to produce a sufficient 
quantity of deactivator to control the growth of the grafted polymer chains such 
that the size is directly controlled by the amount of free initiator to monomer 
added. Particle diffusion is hindered by the presence of free polymer formed in 
solution preventing undesirable interparticle coupling. This effect was highlighted in 
our concentration studies, where coupling was more significant at higher dilutions. 
Finally, analysis of the free polymer simplifies material processing and 
characterisation, circumventing the need to collect and analyse the bound polymer 
chains. However, our kinetic investigations indicated a delay between the activation 
of the free initiator and the surface-bound initiating sites consistently owing to the 
heterogeneous nature of the catalytic system requiring diffusion of the particles to 
the copper wire surface. While the properties of the free polymer was shown to be 
in good agreement with the grafted polymer generally,8,40,44,77,84,119-120 since this 
system has not been extensively explored yet, a comprehensive study of the 
properties of the surface-bound polymer chains may be warranted to examine the 
level of control obtained from the surface using SET-LRP. Despite this, electron 
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microscopy confirmed the formation of a well-defined core–shell structure with 
predictable size based on the free monomer conversion. 
The brush thickness that can be accessed via this approach is also severely 
hindered since the monomer is exhausted by the sacrificial initiator added in 
solution, an inherent limitation of using a free initiator to ensure an adequate 
concentration of the deactivator is present to reversibly deactivate the surface-
bound polymer chains.120 It may be of interest to investigate another approach that 
has been reported where Cu(II)Br2 is added to control the SI-ATRP from various 
planar substrates rather than the use of a sacrificial initiator to facilitate the growth 
of much thicker polymer brushes.40 Since all polymer chains are surface bound using 
this approach, collection and purification of the core–shell materials synthesised is 
more straightforward.46 Though, it is expected that interparticle coupling through 
termination and irreversible aggregation would be a significant challenge for this 
system in comparison to the functionalisation of planar substrates that exploit this 
approach to mediate a controlled polymerisation from a solid-support. The 
introduction of viscosity modifiers or inert polymers may be warranted to inhibit 
particle diffusion.  
It was shown that the use of a heterogeneous catalytic system provided 
adequate control to mediate the growth of relatively high molecular weight 
synthetic polymers (DPn ≤ 1000) from bound initiating groups to prepare well-
defined core–shell structures rapidly in the presence of a free initiator, reaching 
grafting densities as high as 0.8 chains nm–2. In order to accomplish a high grafting 
density, both fast initiation of the surface bound initiators and rapid disproportion 
of Cu(I)Br to disperse the highly reactive Cu(0) nanoparticles throughout the 
reaction medium is necessary to prevent crowding. Furthermore, under the 
prescribed conditions, SET-LRP was not capable of generating ultrahigh molecular 
weight polymer grafts at low temperatures, required for the preparation of particle 
brushes with precisely tuneable properties determined by shell size. Several factors 
precluded the synthesis of ultrahigh molecular weight both from the free and 
surface-bound initiators at low temperatures. The ability of SET-LRP to prepare 
ultrahigh molecular weight polymers relies on the continuous disproportionation of 
the Cu(I) complex formed in situ to the highly reactive Cu(0) activator and the Cu(II) 
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deactivator. This process eliminates the bimolecular termination required to 
generate a sufficient quantity of deactivator to elicit control in a conventional ATRP 
resulting in perfect to near-perfect chain-end fidelity. Slow disproportionation 
resulted in a pre-equilibrium stage where the deactivator was not present in a 
sufficient concentration to reversibly deactivate the high local radical concentration 
generated at the copper(0) wire surface as evidenced by the high dispersities of the 
free polymer and broad polydispersities of the functionalised particles observed by 
DLS at low monomer conversion. High dispersities are an indication that a large 
number of monomer units are added each time a chain is activated, similarly to 
conventional ATRP systems. As such, SET-LRP did not prove advantageous over 
conventional ATRP systems in terms of the molecular weight achievable and the 
fidelity of chain-ends. The addition of deactivator to the system or the use of Cu(I)Br 
in a disproportionating solvent instead of copper wire may facilitate better control 
throughout the polymerisation and allow much higher molecular weight polymer 
grafts to be accessed. While SET-LRP is advantageous over conventional ATRP in 
terms of rapid polymerisation rates, lower temperature, lower levels of copper 
contaminates and easier handling of copper(0) wire that can be easily removed and 
recycled negating laborious and expensive purification procedures such as 
precipitation or ion exchange resins, the addition of copper salts to conduct a well-
controlled SET-LRP to high molecular weight would hinder its application in 
industrial processes. In addition, ATRP is amenable with a much broader range of 
monomers than SET-LRP, which is generally limited to monomers with electron 
withdrawing groups. Although with the discovery of new and more effective 
catalytic systems and solvents that facilitate the disproportion of Cu(I)Br, the 
versatility of SET-LRP has greatly expanded in recent years.97-100  
While adequate control over a range of monomers was achieved using 
ethyl 2-bromoisobutyrate and its structural mimic anchored to the surface of silica 
nanoparticles via a triethoxysilane moiety, the initiator structure may limit the 
molecular weight achievable and chain-end fidelity. Despite this, adequate control 
over the polymerisation of a range of monomers to relatively high molecular 
weights was still accessible without the redesign of the starting material contrary to 
SI-RAFT polymerisation processes.77 In SI-RAFT polymerisation, a suitable chain 
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transfer agent must be chosen and fixed to the surface to mediate a well-controlled 
polymerisation dependent upon the monomer.149 The fixation of a chain transfer or 
RAFT agent to a silica substrate is synthetically more challenging, generally formed 
from an alkyl halide initiator precursor.1,6,84 While synthetically more laborious to 
covalently fix a RAFT agent to a silica surface, the trithiocarbonyl moiety affords 
access to a thiol functionality through aminolysis under basic conditions which can 
undergo a diverse range of chemistries,6,150 specifically thiol-based “click” reactions 
with alkenes, alkynes, epoxides, isocyanates and halides151 bearing different 
functionalities to fine-tune the surface properties of the material or conjugated to 
biologically relevant molecules such as drugs, fluorescent dyes or peptides for 
controlled drug delivery, imaging and detection applications. Functionalities that 
are orthogonal to radical processes can also be easily incorporated into the 
polymeric material by modifying the R and/or Z-group of the chain transfer agent. 
The ability to post-modify the polymers prepared by CLRP techniques allows 
functionalities that are incompatible with the polymerisation process to be 
incorporated into the material. Post-polymerisation modification still remains 
synthetically more challenging for polymers synthesised via ATRP or SET-LRP in 
comparison to RAFT polymerisation. The halide end-functionality present on living 
chains is frequently transformed into an azide functionality using sodium azide in 
DMF at room temperature for subsequent conjugation to an alkyne-terminated 
group through an azide-alkyne cycloaddition. 
While RAFT is congruent with a greater variety of functionalities including 
acidic-based monomers that are highly desirable for materials used in both 
biological and aqueous media, we demonstrated that it was possible to access 
carboxylate residues through a deprotection approach of tert-butyl ester groups by 
acid hydrolysis. In addition, the chemical reagents required to conduct a metal-
mediated living radical polymerisation are commercially available, including a 
number of suitable siloxanes to fix to silica surfaces for initiation or that can be 
easily modified to access an initiating group for SI-ATRP or SET-LRP.  
Based on previous reports, single-electron transfer living radical 
polymerisation appeared to be a highly promising technique in the preparation of 
core–shell materials with precisely tuneable properties. We expected that SET-LRP 
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would be capable of generating thick polymer coatings under ambient conditions as 
a consequence of the elimination of the persistent radical effect through the 
spontaneous disproportion of the in situ generated Cu(I)Br complex to Cu(0) and 
Cu(II)Br2 resulting in polymers with perfect to near-perfect chain-end functionality, 
allowing the formation of ultrahigh molecular weight polymers. In addition the low 
temperature used to mediate the polymerisation would prevent the degradation of 
the fixed initiator and reduce the occurrence of undesirable side reactions such as 
termination by transfer and coupling. It is clear that the presence of termination 
events in radical processes will always be a major concern and impede the 
formation of ultrahigh molecular weight polymers without serious redesign of the 
experiment and optimisation. There are several strategies that could be 
implemented to force the grafted chains to assume an extended conformation. The 
incorporation of branches by polymerising a multifunctional monomer,60 charged 
pendant groups or bulky groups introduced by clicking to a functional polymer graft 
pendant group such as glycidyl methacrylate.    
To summarise, we showed that SET-LRP is capable of generating well-
defined inorganic-organic core–shell particles rapidly with high uniformity that are 
easily dispersed in a range of organic solvents at low temperatures. The use of a 
heterogeneous catalyst generally resulted in low levels of copper contaminants, 
facilitating easy removal and less arduous material purification. However, in 
systems that exhibited poor control, removal of the excess copper salts proved 
relatively straightforward by a simple washing procedure with aqueous EDTA. 
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Polymer composite materials often display superior properties than the individual 
constituents via a synergistic effect, expanding the scope of potential applications. 
With developments in controlled radical polymerisation processes that allow 
virtually any monomer amenable with conventional free radical processes to be 
polymerised and copolymerised in a controlled manner with complex architectures 
in combination with other chemistries and materials, the astute chemist can design 
and engineer a material with a set of desired properties to meet a target 
application. This thesis has described the application of two controlled/“living” 
radical polymerisation techniques, namely reversible addition–fragmentation chain 
transfer polymerisation and single-electron transfer living radical polymerisation, to 
prepare novel polymer hybrid materials with both organic and inorganic substrates, 
respectively. Detailed conclusions regarding each approach used are given in 
Chapter 2.4 and 3.4 outlining the major challenges and versatility of each method. 
In this Section we will briefly discuss the primary reasons for the synthetic 
approaches undertaken and chief motivations surrounding this work, summarise 
the major findings resulting from these investigations and present future prospects 
as a direct result of this work in terms of scientific development and social impact. 
 
 Cellulose–Polymer Hybrid Materials 4.1
The aim of this study was to ascertain the efficacy of physical blending of cellulose 
with pre-synthetised polymers with well-defined architectures. A library of synthetic 
polymers were prepared using RAFT polymerisation, incorporating segments or 
blocks capable of interacting with the cellulose backbone through the formation of 
extensive hydrogen bonds in a cooperative manner, opposing traditional chemical 
strategies to anchor synthetic polymers to the cellulose backbone. Results from this 
study strongly suggest that physical blending can be used to effectively incorporate 
functional polymers with cellulose without significant deterioration of its 
hierarchical structure, hence its excellent physical properties, particularly high 
thermal resistance are retained.  
Such a comprehensive study correlating polymer functionality and cellulose 
compatibility using controlled radical processes has not yet been reported. Despite 
the loss of significant quantities of synthetic polymer through competitive hydrogen 
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bonding during washing, this study indicates that the careful design and 
incorporation of suitable functionalities can facilitate the homogenous blending of 
polymers that are typically incompatible with cellulose such as polystyrene by 
reducing the interfacial interaction between components.1 Blend properties can 
also be greatly affected by the processing procedures used, as well as the thermal 
history.2 In the current study, only polymer functionality and molecular weight were 
explored and correlated to the blend properties observed, despite the presence of 
residual LiCl and DMAc after washing. Limitations of the characterisation techniques 
available that inadequately describe the bulk properties of the hybrid materials 
must also be considered when interpreting these results. It is recommended further 
research be undertaken to assess the efficacy of this approach by the careful design 
of experiments to elucidate the impact of processing technique (evaporation rate, 
dissolution method, washing and drying procedures), incorporated polymer and the 
presence of contaminants, namely LiCl and DMAc, as well as adsorbed moisture, to 
the lifetime and performance of the blend materials. It may also prove prudent to 
stabilise the blend morphology through chemical crosslinking to prevent aging or 
‘phase ripening’ commonly observed in polymer blends.  
This investigation makes significant contributions to the growing body of 
research into cellulose modification and the preparation of cellulose–polymer 
composites, expanding on earlier work reported by Masson and coworkers.3-5 We 
expect from our initial findings that physically blending cellulose with appropriately 
designed polymer architectures bearing “sticky” segments easily accessible when 
combined with the versatility of CLRP techniques will serve as a foundation for 
future studies into the design and construction of new “green” composites for 
application in a range of fields including biomedicine reducing our reliance on fossil 
fuels. 
 
 Inorganic-Organic Core–Shell Materials 4.2
In this work, we have investigated the surface-initiated single-electron transfer 
living radical polymerisation of a variety of monomers from initiators bound to 
colloidal silica in the presence of a free initiator. The purpose of this study was to 
evaluate whether SET-LRP can afford ultrahigh molecular weight polymer grafts 
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from a diverse range of functional monomers to affect a high degree of control over 
the core–shell structure and properties as reported in solution.16 Silica was chosen 
as the solid support for our model system for a number of reasons. Being chemically 
inert, silica will not interfere in the chemistries performed and can be applied in 
biological media. The ease of surface functionalisation afforded by the surface 
hydroxyl groups allows initiating sites to be introduced via simple and well-
established chemistries. The Stöber method17 affords monodisperse 
electrostatically stabilised colloidal particles over a broad range of sizes. Following 
this, the properties of the hybrid material can be easily correlated to the core 
properties, and no stabilising ligands are required which are often difficult to 
remove and hinder subsequent modifications, particularly for magnetic and metallic 
nanoparticles.6 It is expected that this system can be extended to the 
functionalisation of other core materials to access a host of new properties. 
The results from this study demonstrate that despite the complexity of the 
surface-initiated SET-LRP kinetics described in Chapter 3, it is a suitable approach 
for the preparation of well-defined inorganic-organic core–shell structures over a 
broad range of molecular weights, and proved advantageous over other surface-
initiated polymerisations. Firstly, the polymerisation proceeded at a significantly 
faster rate comparatively to other SI-CLRP techniques at low reaction temperatures. 
The polymerisation was mediated using copper wire instead of copper salts used in 
ATRP and its derivatives which is easily removed and recycled, and results in lower 
concentrations of copper contaminants in the final product.  
This is the first time that SET-LRP has been applied to the functionalisation 
of colloidal silica to prepare core–shell materials. The current findings add to a 
growing arsenal of tools available to prepare core–shell materials, and can be 
further applied to prepare well-defined materials for the preparation of advanced 
materials for new technologies such as colloidal crystals. Despite the restricted 
number of monomers explored in this study, the initial findings suggest that SET-
LRP will prove a versatile technique to prepare inorganic-organic core–shell 
structures with continued discoveries of suitable solvents and the design of more 
effective catalysts to extend to other functional monomers.18-21 Although the study 
demonstrated that SET-LRP can be successfully applied to prepare core–shell 
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structures with relatively high molecular weight polymer grafts, this system has 
several limitations in terms of molecular weight achievable and ease of application. 
We envisage that the advantages of SI SET-LRP observed compared to other CLRP 
techniques combined with the potential to access ultrahigh molecular weight 
polymer grafts will motivate future investigations on how the initiator structure, 
catalyst and solvent influence the surface-initiated kinetics to realise perfect control 
over core–shell structures for the design of advanced materials. With advances in 
SI-CLRP techniques allowing unprecedented control over composition, structure, 
topology and ultimately the polymer properties attached to a surface, in 
combination with a host of possible post-polymerisation modifications available to 
modify the corona via the living chain ends or pendant groups as well as surface 
patterning techniques we anticipate ample opportunity for advancements in this 
field with possible applications in controlled drug delivery and drug release, to 
photonics. 
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A.1  Quantification of the Synthetic Polymer Content in 
Cellulose–Polymer Hybrid Materials through UV-Vis 
Spectrophotometry 
Ideally the components should not interact. Despite the presence of LiCl, the 
absorption profiles clearly indicated the components were interacting. As such 
several methods were used to estimate the polymer content including the use of 
peak areas rather than peak height to more accurately assess the polymer content 
within a blend. Deconvolution was also employed to determine the area of specific 
absorptions. Calibration was performed using either the synthetic polymer or the 
chain transfer agent in LiCl/DMAc. Blends were dried overnight under reduced 
pressure at 40 °C. A known quantity of dried blend (5–20 mg) was heated with 
vigorous stirring in a 5.0 % (w/v) solution of LiCl in DMAc at 130 °C until dissolved. 
The solutions were then subjected to UV-Vis spectrophotometry. Example 
calculations are given below. 
  
Table A.1 Polymer content in cellulose–polymer hybrid materials after treatment. 
Polymer Treatment Polymer Calibration (%) 2 Gaussian Fitting (%) 
PNIPAAm 
Rinsed 11.3 15.8 
Swollen 10 - 
PAA Soxhlet Extracted - 2.0 
PDMAEA Rinsed - 1.6 
PHEA Soxhlet Extracted - 3.4 
PS-b-PAA 
Rinsed (H2O, DMAc) 3.2 8.6 
Swollen 11.6 - 
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Figure A.1 (a) UV-Vis spectra of a dissolved cellulose–PNIPAAm blend (blue curve) in 
comparison to a standard calibration curve with increasing concentration of PNIPAAm (red 
curve) and (b) adjusted absorbance deconvoluted to give relative contributions from components 
against calibration curve from PABTC calibration and average molecular weight of PNIPAAm. 
(a)  (b) 
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Determination of PNIPAAm content by polymer calibration: 
𝐴𝑚𝑎𝑥(307 𝑛𝑚) = 1.314 
[𝑃𝑁𝐼𝑃𝐴𝐴𝑚] = 0.48𝐴𝑚𝑎𝑥 − 0.01 
 = 0.63 𝑚𝑔 𝑔−1 
𝑚𝑃𝑁𝐼𝑃𝐴𝐴𝑚 = (0.63 𝑚𝑔 𝑔
−1)(2.0632 𝑔) 
 = 1.3 𝑚𝑔 
𝑚𝑏𝑙𝑒𝑛𝑑 𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 = 14.5 𝑚𝑔 
𝑚𝑏𝑙𝑒𝑛𝑑 𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑(𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒) = 
14.5 𝑚𝑔
100
× 79.17, 𝑠𝑖𝑛𝑐𝑒 7.0 𝑎𝑛𝑑 13.8 % 𝑎𝑟𝑒 𝐻2𝑂 𝑎𝑛𝑑 𝐿𝑖𝐶𝑙  
 = 11.48 𝑚𝑔 
𝑃𝑁𝐼𝑃𝐴𝐴𝑚 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 = 
1.3 𝑚𝑔
11.48 𝑚𝑔
× 100 
 = 11.3 % 
 
 
Determination of PNIPAAm content by peak deconvolution and PADTC calibration: 
𝐴𝑟𝑒𝑎𝑃𝑁𝐼𝑃𝐴𝐴𝑚 = 62.96 (𝐷𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑒𝑑 𝑓𝑟𝑜𝑚 𝑎𝑟𝑒𝑎 𝑢𝑛𝑑𝑒𝑟 𝑔𝑎𝑢𝑠𝑠𝑖𝑎𝑛 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛) 
[𝑃𝐴𝐷𝑇𝐶] = (0.00101 × 62.96) − 0.01144 
 = 0.052 𝑚𝑔 𝑔−1 
𝑚𝑃𝐴𝐵𝑇𝐶  = (0.052 𝑚𝑔 𝑔
−1)(2.0632 𝑔) 
 = 0.108 𝑚𝑔 
𝑚𝑃𝑁𝐼𝑃𝐴𝐴𝑚 = 
0.108 𝑚𝑔
5.9
× 100, 𝑠𝑖𝑛𝑐𝑒 𝑃𝐴𝐷𝑇𝐶 𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑒𝑠 5.9 𝑤𝑡 %  
  1.82 𝑚𝑔 
𝑚𝑏𝑙𝑒𝑛𝑑 𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑(𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒) = 11.48 𝑚𝑔 
𝑃𝑁𝐼𝑃𝐴𝐴𝑚 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 = 
1.82 𝑚𝑔
11.48 𝑚𝑔
× 100 
 = 15.8 % 
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B.1  Supplementary Data 
 
 
 
 
Table B.1 Conversion and molecular weight data with increasing conversion for the 
homopolymerisation of MA by SET-LRP in DMSO targeting a DPn of 250, 500 and 745. Reaction 
conditions used are summarised in Table 3.1, Entries 1–4, Part (i), corresponding to Reference 1–
4 respectively. 
   1H NMR  SEC  
Ref. Sample t (mi n) %Ca DPn,thb Mn,thc Mn,SECd Mw,SECd Ðd
 
1 
1 16.5 32.4 81 7200 7700 9000 1.18 
2 24.7 47.6 119 10400 11300 12400 1.10 
3 40.0 69.8 174 15200 16200 17400 1.07 
4 60.8 82.9 207 18000 18800 20100 1.07 
2 
1 8.0 39.9 206 17900 16000 18400 1.15 
2 12.7 51.5 264 23000 22400 24900 1.11 
3 17.5 62.1 318 27600 28100 30900 1.10 
4 24.5 72.1 369 32000 33500 36700 1.10 
5 35.0 81.3 416 36000 -* 1.10 
3 
1 8.2 3.5 18 1700 1880 2434 1.30 
2 17.3 32.6 163 14200 17360 18670 1.08 
3 35.8 60.5 302 26200 31050 34040 1.10 
4 60.0 75.6 377 32700 37490 40660 1.09 
4 
1 2.03 0.66 7 760 
1950 
36100 
3500 
39100 
1.80 
1.09 
2 5.17 6.25 62 5570 4800 7330 1.52 
3 10.1 16.43 164 14300 13200 16100 1.22 
4 30.0 48.45 484 41800 40800 44500 1.09 
5 62.0 71.99 718 62000 53600 65000 1.21 
6 120 81.97 818 70600 61200 71700 1.17 
aThe monomer conversion was determined by 1H NMR in CDCl3.  
bDPn,th = ([MA]0/[EBiB]0  conversion) 
cMn,th = (DPn,th  MWMA) + MWEBiB 
dMn,SEC, Mw,SEC and Ð were determined by size exclusion chromatography in THF against PS standards. 
*Instrument error. 
 
   
 
1
9
8 
Table B.2 Summary of results for the SI polymerisation of MA from initiator-fixed silica nanoparticles in the presence of free initiator by SET-LRP. Reaction 
conditions used are summarised in Table 3.1, Entries 1–4, Part (ii), corresponding to Reference 1–4 respectively. 
   1H NMRa SECb DLSc TGAd 
Core–Shell 
Modelse 
Electron 
Microscopyf 
Ref. Sample 
t  
(mi n) 
%C DPn,th Mn,th Mn,SEC Mw,SEC Ð
 Dh 
(nm) 
PDI 
Residue 
(%) 
Adj. 
Residue 
(%) 
𝜎𝑅𝐴𝑊  
(nm–2) 
𝜎𝑅𝑂𝑀 
(nm–2) 
?̅?𝑐𝑐 
(nm) 
?̅?𝑒𝑥𝑡  
(nm) 
?̅? 
(nm) 
𝑙 ̅
(nm) 
1 
1 18.9 47.6 118 10400 11400 12600 1.10 138 ± 5 0.155 70.7 79.5 0.987 0.61 146 189 143 ± 5 6.4 ± 2.7 
2 28.0 61.5 153 13400 14300 15300 1.07 128 ± 3 0.116 65.1 73.2 0.991 0.68 151 207 148 ± 6 9.2 ± 2.9 
3 44.0 72.4 180 15700 16700 17700 1.06 140 ± 2 0.149 - - - - 155 221 148 ±3 9.2 ± 1.5 
4 65.0 79.3 197 17200 17900 19100 1.06 177 ± 2 0.199 58.8 66.1 1.011 0.739 158 229 149 ± 3 9.4 ± 1.2 
2 
1 5.0 19.6 99 8720 7350 11220 1.53 191 ± 2 0.037 79.5 89.4 0.734 0.338 137 180 138 ± 3 4.2 ± 1.4 
2 16.1 50.2 254 22050 22640 26780 1.18 288 ± 1 0.077 58.0 65.2 0.815 0.600 160 258 154 ± 8 12 ± 4 
3 41.0 77.5 392 33950 37090 41270 1.11 828 ± 33 0.128 46.1 51.8 0.853 0.678 179 327 157 ± 6  14 ± 3 
4 81.0 86.1 435 37680 41410 46100 1.11 1087 ± 152 0.426 41.6 46.8 0.922 0.747 187 349 159 ± 8 14 ± 4 
3 
1 9.8 34.9 174 15200 16820 18210 1.08 252 ±  2 0.020 63.7 71.7 0.929 0.583 151 218 145 ± 4 7.6 ± 2.0 
2 19.2 58.0 290 25130 26290 27980 1.06 562 ± 4 0.242 52.0 58.5 0.912 0.670 166 276 - - 
3 42.0 74.2 370 32080 34330 36440 1.06 1025 ± 9 0.209 43.6 49.1 0.997 0.749 177 316 - - 
4 62.4 88.4 441 38150 37430 40210 1.07 1392 ± 34 0.151 40.3 45.3 0.961 0.798 186 352 171 ± 7 21 ± 4 
4 
1 10.0 15.01 150 13080 17990 22440 1.25 239 ± 2 0.056 66.2 74.5 0.97 0.65 150 206 148 ± 5 9 ± 3 
2 29.0 41.86 417 36120 46150 51420 1.11 382 ± 2 0.068 43.8 49.2 0.88 0.71 179 340 177 ±8 23 ± 4 
3 60.0 67.88 677 58460 74430 80530 1.08 471 ± 4 0.053 30.1 33.9 0.98 0.83 208 471 - - 
4 120.0 83.55 833 71910 83250 91420 1.10 534 ± 3 0.120 27.8 31.3 0.89 0.76 214 549 203 ± 13 37 ± 6 
aThe monomer conversion was determined by 1H NMR in CDCl3. DPn,th = ([MA]0/[EBiB]0  conversion). Mn,th = (DPn,th  MWMA) + MWEBiB 
bMn,SEC, Mw,SEC and Ð were determined by size exclusion chromatography in THF against PS standards. 
cDLS measurements were recorded in dilute dispersions of CHCl3 or DCM at 20–25 °C. 
dDetermined by thermolysis (700 °C, O2 atm). Equation (3.1) was used to calculate the grafting density, σ, before (RAW) and after accounting for the residual organic matter (ROM). 
e?̅?𝑐𝑐 and ?̅?𝑒𝑥𝑡 correspond to the compact core–shell and extended core–shell particle diameters.  
fThe average centre-to-centre distance, ?̅?, and average shell thickness, 𝑙,̅ were determined by electron microscopy.  
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Table B.3 Conversion and molecular weight data with increasing conversion for the 
homopolymerisation of tBA by SET-LRP in TFE targeting a DPn of 250, 370 and 1000. Reaction 
conditions used are summarised in Table 3.2, Entries 1–4, Part (i), corresponding to Reference 1–
4 respectively. 
 
 
 
 
 
   1H NMR SEC 
Ref. Sample t (mi n) %Ca DPn,thb Mn,thc Mn,SECd Mw,SECd Ðd
 
1 
1 10.8 2.0 5 670 27100 28000 1.03 
2 25.3 2.1 5 700 2750 6590 2.40 
3 60.5 7.1 18 2330 1500 2120 1.42 
4 180.0 38.8 97 12500 12100 12800 1.06 
5 360.0 40.0 101 12900 12100 12800 1.06 
2 
1 12.2 2.5 6 1000 1360 3560 2.61 
2 27.8 12.6 32 4270 3610 4550 1.26 
3 63.5 44.6 112 14600 14300 15200 1.06 
4 100.3 58.2 147 19000 19200 20100 1.05 
5 146.0 66.6 168 21700 22100 23200 1.05 
3 
1 20.5 52.7 196 25300 25400 27000 1.06 
2 41.0 74.2 276 35600 36000 38300 1.06 
3 80.0 75.4 281 36200 36600 38900 1.06 
4 174 76.8 286 36800 38300 41000 1.07 
5 1000 80.0 298 38300 38800 42300 1.09 
4 
1 33 0 0 0 3500 8800 2.50 
2 60 0 0 0 2000 5500 2.75 
3 89 43.0 43 48600 45700 48200 1.05 
4 118 47.0 47 53500 50900 53700 1.06 
5 - - 82700 109800 1.33 
6 -* 85.0 632 81200 84900 93000 1.10 
aThe monomer conversion was determined by 1H NMR in CDCl3.  
bDPn,th = ([tBA]0/[EBiB]0  conversion) 
cMn,th = (DPn,th  MWtBA) + MWEBiB 
dMn,SEC, Mw,SEC and Ð were determined by size exclusion chromatography in THF against PS standards. 
eNo polymer detected by DRI detector. 
*Reaction left overnight had ceased stirring. 
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Table B.4 Summary of results for the SI polymerisation of tBA from initiator-fixed silica nanoparticles in the presence of free initiator by SET-LRP. Reaction 
conditions used are summarised in Table 3.2, Entries 1–4, Part (ii), corresponding to Reference 1–4 respectively. 
   1H NMRa SECb DLSc TGAd 
Core–Shell 
Modelse 
Electron Microscopyf 
Ref. Sample 
t  
(mi n) 
%C DPn,th Mn,th Mn,SEC Mw,SEC Ð
 Dh 
(nm) 
PDI 
Residue 
(%) 
Adj. 
Residue 
(%) 
𝜎𝑅𝐴𝑊  
(nm–2) 
𝜎𝑅𝑂𝑀 
(nm–2) 
?̅?𝑐𝑐 
(nm) 
?̅?𝑒𝑥𝑡  
(nm) 
?̅? 
(nm) 
𝑙 ̅
(nm) 
1 
1 11.0 0 0 0 - - - 237 ± 1 0.131 90.5 100 0 0 130 130 140 ± 3 4.9 ± 1.4 
2 25.3 1.6 4 570 - - - 220 ± 1 0.080 90.0 100 0 0 130 132 141 ± 3 5.5 ± 1.7 
3 60.5 2.4 6 810 1010 1800 1.79 214 ± 1 0.082 88.8 99.9 3.23 0.035 130 133 142 ± 4 6.1 ± 1.7 
4 180.0 24.8 63 8050 8080 8710 1.08 247 ± 1 0.081 78.2 87.9 0.84 0.42 140 162 145 ± 5 7.6 ± 2.3 
5 360.0 27.2 69 8840 8090 8610 1.06 255 ± 1 0.069 78.9 88.7 0.74 0.35 139 165 151 ± 5 10.5 ± 2.6 
2 
1 12.3 3.2 8 1230 1070 2140 2.01 217 ± 2 0.125 89.2 100 2.45 0 130 134 141 ± 4 5.3 ± 1.8 
2 27.5 12.7 32 4280 3390 4110 1.21 237 ± 1 0.096 84.1 94.6 1.10 0.33 134 146 143 ± 5 6.4 ± 2.6 
3 63.4 37.2 93 12180 11450 12540 1.10 301 ± 1 0.085 74.4 83.6 0.70 0.40 144 177 146 ± 4 8.1 ± 1.9 
4 100.3 56.1 141 18230 18240 19110 1.05 305 ± 3 0.049 67.9 76.3 0.64 0.42 151 201 155 ± 4 12.3 ± 2.2 
5 148.0 62.5 157 20290 21300 22250 1.04 320 ± 1 0.094 65.9 74.1 0.63 0.43 153 209 155 ± 3 12.3 ± 1.5 
3 
1 10.0 2.6 10 1420 1240 1870 1.50 103 ± 1 0.053 - - - - 130 135 148 ± 5 8.8 ± 2.6 
2 18.0 30.6 114 14790 13830 14860 1.04 243 ± 1 0.034 74.9 84.2 0.56 0.31 143 187 149 ± 3 9.4 ± 1.6 
3 81.0 82.8 308 39690 41090 43440 1.06 351 ± 1 0.028 - - - - - 285 149 ± 5 9.6 ± 2.5 
4 162.0 85.1 317 40780 40700 43270 1.06 357 ± 2 0.052 - - - - - 290 150 ± 8 9.9 ± 4.0 
5 265.0 90.9 338 43550 41560 62540 1.51 366 ± 3 0.046 38.4 43.2 0.91 0.75 195 300 - - 
4 
1 29.5 6.5 49 6430 7080 14800 2.09 335 ± 2 0.159 77.2 86.8 1.14 0.59 141 155 155 ± 4 13 ± 2 
2 59.0 31.0 231 29790 27370 33390 1.22 410 ± 3 0.126 54.3 61.0 0.70 0.53 168 246 159 ± 10 14 ± 5 
3 120.0 72.1 536 68920 73960 80020 1.08 429 ± 12 0.258 34.6 38.6 0.68 0.56 203 400 197 ± 12 34 ± 6 
4 245.0 74.1 551 70850 82300 89670 1.09 455 ± 4 0.068 33.2 37.3 0.71 0.59 207 407 209 ± 12 39 ± 6 
aThe monomer conversion was determined by 1H NMR in CDCl3. DPn,th = ([tBA]0/[EBiB]0  conversion). Mn,th = (DPn,th  MWtBA) + MWEBiB 
bMn,SEC, Mw,SEC and Ð were determined by size exclusion chromatography in THF against PS standards. 
cDLS measurements were recorded in dilute dispersions of  DCM at 25 °C. 
dDetermined by thermolysis (700 °C, O2 atm). Equation (3.1) was used to calculate the grafting density, σ, before (RAW) and after accounting for the residual organic matter (ROM). 
e?̅?𝑐𝑐 and ?̅?𝑒𝑥𝑡 correspond to the compact core–shell and extended core–shell particle diameters.  
fThe average centre-to-centre distance, ?̅?, and average shell thickness, 𝑙,̅ were determined by electron microscopy. 
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Table B.5 Full characterisation and data analysis of functional inorganic-organic core–shell materials prepared. 
   1H NMRa SECb DLSc TGAd 
Core–Shell 
Modelse 
Electron Microscopyf 
Ref. 
Shell 
Material 
t  
(h) 
%C DPn,th Mn,th Mn,SEC Mw,SEC Ð
 Dh 
(nm) 
PDI 
Residue 
(%) 
Adj. 
Residue 
(%) 
𝜎𝑅𝐴𝑊 
(nm–2) 
𝜎𝑅𝑂𝑀 
(nm–2) 
?̅?𝑐𝑐 
(nm) 
?̅?𝑒𝑥𝑡  
(nm) 
?̅? 
(nm) 
𝑙 ̅
(nm) 
A PnBA 24 49 123 16000 20600 21800 1.06 259 ± 2 0.05 73.4 82.6 0.56 0.33 145 192 141 ± 5 5.4 ± 2.6 
B PNIPAAm 24 20 52 6100 39000 110700 2.80 284 ± 3 0.03 72.1 81.1 0.25–1.57 0.15–0.94 146 156 145 ± 4 7.7 ± 1.9 
C PS 24 67 169 17800 19100 20900 1.10 216 ± 1 0.11 83.1 93.5 0.27 0.09 135 215 143 ± 4 7 ± 2 
D PtBA 2.5 62.5 157 20300 21300 22250 1.04 320 ± 1 0.094 65.9 74.1 0.63 0.43 153 209 155 ± 3 12.3 ± 1.5 
E PAA - - 157 11500* - - - 231 ± 4 0.095 69.4 78.1 0.95 0.61 149 209 155 ± 10 13 ± 5 
F PMA 2.2 50.1 500 43200 - - - 457 ± 4 0.171 51.0 57.4 0.55 0.43 168 382 179 ± 6 24 ± 3 
G PMA 4.0 23.7 236 20500 - - - - - - - - - 181 500 201 ± 11 35 ± 6 
H PMA 13.5 64.0 3200 275600 - - - - - 6.47 7.28 1.30 1.15 359 1740 394 ± 29 132 ± 15 
a 1H NMR was performed in CDCl3. DPn,th = ([M]0/[EBiB]0  conversion)/100. Mn,th = DPn,th  MWM + MWEBiB. 
bMn, Mw and Ð were determined by SEC using THF as eluent at 40 °C (free PnBA, PS, PtBA) and DMF as eluent at 50 °C (free PNIPAAm) against PS standards. 
cDLS measurements were recorded on a dilute dispersion in DCM (SiP-g-PnBA, SiP-g-PtBA),  EtOH (SiP-g-PNIPAAm), THF (SiP-g-PS) and MeOH (SiP-g-PAA) at 25 °C.  
dDetermined by thermolysis (700 °C, O2 atm). Equation (3.1) was used to calculate the grafting density, σ, before (RAW) and after accounting for the residual organic matter (ROM). 
e?̅?𝑐𝑐 and ?̅?𝑒𝑥𝑡 correspond to the compact core–shell and extended core–shell particle diameters. 
fThe average centre-to-centre distance, ?̅?, and average shell thickness, 𝑙,̅ were determined by electron microscopy. 
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B.2  Compact Core–Shell Model:2 
The compact core–shell model assumes the volume occupied by the polymer shell is 
equal to the volume occupied by a polymer of bulk density. 
 
𝑉𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑠ℎ𝑒𝑙𝑙 = 
𝑀𝑛 ∙ 𝜎 ∙ 4𝜋𝑟
2
𝑁𝐴 ∙ 𝜌
 
Where the surface area of the core,  
SA = 4πr2 
    
 = 
𝑀𝑛 ∙ 𝜎 ∙ 𝜋𝑑
2
𝑁𝐴 ∙ 𝜌
 Removing r from the expression (r = d/2) 
    
𝑉ℎ𝑜𝑙𝑙𝑜𝑤 𝑠𝑝ℎ𝑒𝑟𝑒 = 
4
3
𝜋𝑎3 −
4
3
𝜋𝑟3  
    
 = 
1
6
𝜋𝐷3 −
1
6
𝜋𝑑3 
Removing a and r from the expression, 
since a = D/2 and r = d/2. 
 
The volume occupied by a polymer of bulk density, Vpolymer shell, is then equated to the volume of a 
hollow sphere, Vhollow sphere: 
 
𝑉𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑠ℎ𝑒𝑙𝑙 = 𝑉ℎ𝑜𝑙𝑙𝑜𝑤 𝑠𝑝ℎ𝑒𝑟𝑒 
 
Rearranging the expression to make D the subject, we obtain: 
 
𝐷3 = 
6
𝜋
(
𝑀𝑛 ∙ 𝜎 ∙ 𝜋𝑑
2
𝑁𝐴 ∙ 𝜌
+
1
6
𝜋𝑑3) 
 
    
 = 
6 ∙ 𝑀𝑛 ∙ 𝜎 ∙ 𝑑
2
𝑁𝐴 ∙ 𝜌
+ 𝑑3 
 
We then obtain the following expression for the diameter of a core–shell particle in the collapsed state 
known as the compact core–shell model: 
 
𝐷 = [(
6𝑑2𝜎𝑀𝑛
𝑁𝐴𝜌
) + 𝑑3]
1
3
 
 
 
Where 
D   
d    
Mn  
σ  
ρ  
NA 
= 
= 
= 
= 
= 
= 
mean nearest neighbour distance (nm). 
diameter of silica nanoparticle core (130 nm). 
graft molecular weight (g mol–1) 
grafting density of polymer grafts at the surface (nm–2) 
specific gravity of polymer bulk (g nm–3) 
Avogadro’s Number (6.022 × 1023 mol–1) 
 
We can then write an expression for the shell thickness, 𝑙: 
 
𝑙 = 𝑎 − 𝑟  
    
 = 
𝐷
2
−
𝑑
2
 
 
    
 = 
1
2
(𝐷 − 𝑑) 
 
                                                     
2
Morinaga, T., et al., Two-dimensional ordered arrays of monodisperse silica particles grafted 
with concentrated polymer brushes. Eur. Polym. J. 2007, 43 (1), 243-248.  
r a 
d = 2r 
D = 2a 
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B.3  Fully-Stretched Core–Shell Model: 
The fully-stretched or extended core–shell model consists of a silica core with 
polymer chains radially stretched in an all-trans conformation such that the shell 
thickness is equal to the chain length. This was done by estimating the length of one 
monomer unit, α, using the cosine rule: 
 
 
  
𝑎2 = 𝑏2 + 𝑐2 − 2𝑏𝑐 cos 𝐴  
    
𝛼 = √(0.154)2 + (0.154)2 − 2(0.154)(0.154) cos(109.5 °)  
    
 = 0.252 nm  
    
𝑙 = 𝛼 × 𝐷𝑃𝑛 
 
    
𝐷 = 2𝑎  
    
 = (2 × 𝑙) + 𝑑  
 
109.5°
1.54 Å 1.54 Å
α
ra
d = 2r
D = 2a
𝒍 
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B.4  Grafting Density: 
Assuming we have 1 g of SiP-g-polymer,  
𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑔𝑟𝑎𝑓𝑡𝑠, 𝑚𝑔𝑟𝑎𝑓𝑡𝑠  = 
1 𝑔
100
× 𝑚𝑜𝑟𝑔𝑎𝑛𝑖𝑐𝑠 
   
𝑛𝑜𝑟𝑔𝑎𝑛𝑖𝑐𝑠 = 
𝑚
𝑀𝑀
 
   
 = 
𝑚𝑔𝑟𝑎𝑓𝑡𝑠
𝑀𝑛
 
   
 = 
𝑚𝑜𝑟𝑔𝑎𝑛𝑖𝑐𝑠
100𝑀𝑛
 
   
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑔𝑟𝑎𝑓𝑡𝑠, 𝑁𝑔𝑟𝑎𝑓𝑡𝑠 = 𝑛𝑜𝑟𝑔𝑎𝑛𝑖𝑐𝑠 × 𝑁𝐴 
   
 = 
𝑁𝐴𝑚𝑜𝑟𝑔𝑎𝑛𝑖𝑐𝑠
100𝑀𝑛
 
   
𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑠𝑖𝑙𝑖𝑐𝑎, 𝑚
𝑆𝑖𝑃
 = 
1 𝑔
100
× 𝑚𝑖𝑛𝑜𝑟𝑔𝑎𝑛𝑖𝑐𝑠 
   
𝑇𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑖𝑙𝑖𝑐𝑎, 𝑉
𝑡𝑜𝑡𝑎𝑙
 = 
𝑚𝑆𝑖𝑃
𝜌
 
   
 = 
𝑚𝑖𝑛𝑜𝑟𝑔𝑎𝑛𝑖𝑐𝑠
100𝜌
 
   
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 1 𝑆𝑖𝑃, 𝑉𝑆𝑖𝑃 = 
4
3
𝜋𝑟3 
   
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑆𝑖𝑃, 𝑁𝑆𝑖𝑃 = 
𝑉𝑡𝑜𝑡𝑎𝑙
𝑉𝑆𝑖𝑃
 
   
 = 
𝑚𝑖𝑛𝑜𝑟𝑔𝑎𝑛𝑖𝑐𝑠
100𝜌
÷
4
3
𝜋𝑟3 
   
 = 
3𝑚𝑖𝑛𝑜𝑟𝑔𝑎𝑛𝑖𝑐𝑠
400𝜌𝜋𝑟3
 
   
𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 1 𝑆𝑖𝑃, 𝑆𝐴𝑆𝑖𝑃 = 4𝜋𝑟
2 
   
𝑇𝑜𝑡𝑎𝑙 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎, 𝑆𝐴𝑡𝑜𝑡𝑎𝑙 = 𝑆𝐴𝑆𝑖𝑃 × 𝑁𝑆𝑖𝑃 
   
 = 
3𝑚𝑖𝑛𝑜𝑟𝑔𝑎𝑛𝑖𝑐𝑠
100𝜌𝑟
 
   
𝐺𝑟𝑎𝑓𝑡𝑖𝑛𝑔 𝐷𝑒𝑛𝑠𝑖𝑡𝑦, 𝜎 = 
𝑁𝑔𝑟𝑎𝑓𝑡𝑠
𝑆𝐴𝑡𝑜𝑡𝑎𝑙
 
   
 = 
𝑁𝐴𝑚𝑜𝑟𝑔𝑎𝑛𝑖𝑐𝑠
100𝑀𝑛
÷
3𝑚𝑖𝑛𝑜𝑟𝑔𝑎𝑛𝑖𝑐𝑠
100𝜌𝑟
 
   
 = 
𝜌𝑟𝑁𝐴𝑚𝑜𝑟𝑔𝑎𝑛𝑖𝑐𝑠
3𝑀𝑛𝑚𝑖𝑛𝑜𝑟𝑔𝑎𝑛𝑖𝑐𝑠
 
   
𝜎 = 
𝜌 ∙ 𝐷 ∙ 𝑁𝐴 ∙ 𝑚𝑜𝑟𝑔𝑎𝑛𝑖𝑐𝑠
6 ∙ 𝑀𝑛 ∙ 𝑚𝑖𝑛𝑜𝑟𝑔𝑎𝑛𝑖𝑐𝑠
 
   Where the percentage of silica and polymer are minorganics and morganics respectively, as determined from 
thermal gravimetric analysis.  
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B.5  Grafting Density Corrections 
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Figure B.1 Grafting density with time for the surface-initiated polymerisation of MA from 
initiator-fixed silica nanoparticles, comparing the raw grafting density (■) with the corrected 
grafting densities accounting for the residual organic matter (□) and the time delay in activating 
the surface-fixed initiating groups (●). Reaction Conditions: [MA]:[EBiB]:[Me6TREN] = 
250:1.00:0.10, MA = 2.0 mL, DMSO = 1.5 mL, 30 °C. Glacial acetic acid activated copper(0) wire 
(1.5 cm, 1 mm diameter). 
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Figure B.2 Grafting density with time for the surface-initiated polymerisation of MA from 
initiator-fixed silica nanoparticles, comparing the raw grafting density (■) with the corrected 
grafting densities accounting for the residual organic matter (□) and the time delay in activating 
the surface-fixed initiating groups (●). Reaction Conditions: [MA]:[EBiB]:[Me6TREN] = 
507:1.00:0.20, MA = 4.0 mL, DMSO = 2.0 mL, 30 °C. Glacial acetic acid activated copper(0) wire 
(10 cm, 1 mm diameter). 
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Figure B.3 Grafting density with time for the surface-initiated polymerisation of MA from 
initiator-fixed silica nanoparticles, comparing the raw grafting density (■) with the corrected 
grafting densities accounting for the residual organic matter (□) and the time delay in activating 
the surface-fixed initiating groups (●). Reaction Conditions: [MA]:[EBiB]:[Me6TREN] = 
499:1.00:0.20, MA = 2.0 mL, DMSO = 1.5 mL, 30 °C. Glacial acetic acid activated copper(0) wire 
(10 cm, 1 mm diameter). 
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Figure B.4 Grafting density with time for the surface-initiated polymerisation of MA from 
initiator-fixed silica nanoparticles, comparing the raw grafting density (■) with the corrected 
grafting densities accounting for the residual organic matter (□) and the time delay in activating 
the surface-fixed initiating groups (●). Reaction Conditions: [MA]:[EBiB]:[Me6TREN] = 
1000:1.00:0.20, MA = 4.0 mL, 1:1 v/v monomer:solvent, 30 °C. Glacial acetic acid activated 
copper(0) wire (6 cm, 1 mm diameter). 
 
